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“Nothing in life is to be 

feared, it is only to be understood. 

Now is the time to understand 

more, so that we may fear less.” 

Marie Curie 
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Resumen 

La terapia génica es una rama muy prometedora de la biomedicina que tiene como 

objetivo tratar enfermedades heredadas o adquiridas (como el cáncer o las 

enfermedades cardiovasculares, neurológicas e inflamatorias) a nivel molecular. En ella 

se utilizan ácidos nucleicos (NAs) como agentes terapéuticos para tratar de restablecer 

el correcto funcionamiento celular. Según los NAs insertados, existen distintos 

mecanismos de acción. Por ejemplo, los plásmidos de DNA (pDNAs) utilizan la 

maquinaria biológica del paciente para reemplazar el gen defectuoso y expresar el gen 

exógeno sano de interés. Otros NAs, como los pequeños RNAs de interferencia 

(siRNAs), bloquean la síntesis de la proteína defectuosa silenciando los genes 

específicos correspondientes. En la mayoría de los casos, los NAs necesitan un agente 

transportador, conocido como vector, para su internalización en las células. Los virus 

fueron la fuente de inspiración para insertar los NAs en las células durante las primeras 

etapas de la terapia génica. Aunque actualmente aún son utilizados como vectores 

dada su alta eficacia, los indeseados efectos adversos que provocan obligan a buscar 

otras alternativas. Entre las distintas opciones sintéticas de vectores no virales destacan 

los sistemas poliméricos y los coloidales. Dentro de este último grupo, los lípidos 

catiónicos (CLs) son quizás los más estudiados por su capacidad para interaccionar 

electrostáticamente con los NAs aniónicos y auto-organizarse espontáneamente en 

medio acuoso formando estructuras similares a las de la membrana celular. El complejo 

resultante, conocido como lipoplejo, debe transportar el material genético hasta el 

interior celular y liberarlo en el citoplasma sin causar daños. La eficacia de este proceso 

dependerá de la capacidad que muestre el vector durante su recorrido fisiológico para 

superar ciertas barreras biológicas. 

Esta tesis doctoral, titulada Nanovectorización de Ácidos Nucleicos Mediada por 

Lipoplejos en Terapia Génica, trata de contribuir al desarrollo de nuevos vectores 

lipídicos para insertar NAs ahondando en diferentes aspectos de este complicado 

proceso. Para ello, se fijaron los siguientes objetivos: 

 Desarrollar y caracterizar nanovectores lipídicos para transportar pDNAs o 

siRNAs en células mamíferas de manera eficaz y segura. Para este objetivo, se 

seleccionaron CLs de distinta estructura: monovalentes, con una o dos cadenas 

hidrocarbonadas, o divalentes, como los lípidos catiónicos de tipo gemini 

(GCL). También se incluyeron derivados de aminoácidos en las cabezas polares 

para mejorar la biocompatibilidad de los nanovectores. En todos los casos, los 

CLs o GCLs fueron mezclados con otros lípidos auxiliares no iónicos para 

mejorar las propiedades fusogénicas del vector. 
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 Transfectar un gen terapéutico utilizando las formulaciones óptimas de 

nanovectores lipídicos estudiados previamente en el grupo de investigación. 

Concretamente, se quiso transfectar un pDNA codificante de la interleukina-12 

(pCMV-IL12), una citoquina con reconocida acción antitumoral y que juega un 

papel fundamental en la respuesta inmunitaria de nuestro organismo frente a 

distintos patógenos; de ahí el interés en buscar estrategias dirigidas a la 

producción de esta citoquina. 

 Analizar el perfil de proteínas que tienen mayor afinidad por la superficie de los 

nanovectores estudiados. Esta corona de proteínas (PC) ofrece información 

relevante sobre la posible respuesta del organismo al nanovector. Por eso, la 

composición de la PC es de suma importancia en la biomedicina actual. Este 

recubrimiento es inevitable en cualquiera de las distintas rutas de 

administración y condiciona el éxito del tratamiento. 

 Liberar de forma controlada los NAs del complejo que forman con los 

nanovectores lipídicos. La liberación de los NAs suele ser uno de los mayores 

impedimentos para completar con éxito la transfección o el silenciamiento 

génico. Por ello es fundamental encontrar estrategias que estimulen este 

proceso; con este fin se incluyeron nanopartículas de oro (AuNPs) en las 

formulaciones de los lipoplejos, y se excitaron los nanosistemas resultantes con 

radiación láser pulsada en el infrarrojo cercano.  

Para alcanzar estos objetivos, se utilizó una aproximación multidisciplinar que 

agrupó desde la síntesis y caracterización biofísica de los nanovectores lipídicos 

(utilizando técnicas experimentales y computacionales de alta precisión), hasta el 

estudio del comportamiento de los lipoplejos en entornos biológicos y la evaluación de 

su eficacia y viabilidad con estudios in vitro.  

Con este enfoque fue posible obtener los siguientes resultados: 

 Los CLs propuestos, combinados con los lípidos auxiliares correspondientes, 

resultaron capaces de compactar y proteger los NAs. La caracterización 

biofísica con estudios electroquímicos, estructurales y computacionales fue 

fundamental para determinar las propiedades de los nanovectores. La 

interacción electrostática que surge entre los CLs y los NAs es la principal 

fuerza promotora para la formación de las distintas fases de cristal líquido 

liotrópico que fueron analizadas en esta tesis doctoral. Por otra parte, los 

nanovectores demostraron ser biocompatibles y eficaces en la inserción de 

pDNAs o siRNAs en los estudios in vitro, logrando igualar, e incluso mejorar, 

los resultados obtenidos con el control (Lipofectamine2000*), tanto en 

actividad biológica como en viabilidad celular.  
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 Se logró una transfección eficiente del pCMV-IL12 con los lipoplejos formados 

por los GCLs con grupos imidazol en las cabezas catiónicas y el 

correspondiente lípido auxiliar. Los niveles de expresión de esta citoquina 

fueron incluso superiores a los obtenidos con el control en las células 

tumorales tratadas con alguna de las formulaciones estudiadas. Además, los 

nanovectores presentaron altos valores de viabilidad celular. 

 La composición de la PC adherida a la superficie de los nanovectores fue muy 

similar pese a las diferencias estructurales de los lipoplejos estudiados. La 

mayoría de las proteínas adsorbidas fueron aniónicas y de bajo peso 

molecular. Además, las proteínas identificadas mayoritariamente, como la 

albúmina y ciertas apolipoproteínas, podrían alargar los tiempos de circulación 

en sangre de los nanovectores, lo que les ayudaría a alcanzar su objetivo. 

 Por último, se controló de manera efectiva la liberación de pDNA de los 

lipoplejos gracias a las propiedades plasmónicas de las AuNPs añadidas a las 

formulaciones lipídicas. La excitación de las nanopartículas con radiación láser 

pulsada de femtosegundo desestabilizó la membrana lipídica de los lipoplejos 

por calentamiento térmico, lo que desencadenó la liberación de los NAs. 

En definitiva, esta tesis doctoral ha supuesto un claro avance en la comprensión 

global de los aspectos más críticos en la búsqueda de nanovectores seguros y eficaces 

para futuros tratamientos de terapia génica, como es la necesidad de utilizar genes 

terapéuticos desde los primeros ensayos, la caracterización detallada de la PC y la 

liberación controlada de los NAs. Con los resultados obtenidos se espera haber 

contribuido al desarrollo de un campo de investigación que arroja cierta esperanza 

para la cura de enfermedades que, a día de hoy, tristemente, solo disponen de 

tratamientos paliativos. 
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Summary 

Gene therapy is a very promising branch of biomedicine that aims to treat inherited 

or acquired diseases (such as cancer, cardiovascular, neurological and inflammatory 

diseases) at molecular level. The purpose is to restore correct cell function using nucleic 

acids (NAs) as therapeutic agents. Depending on the NAs inserted, there are different 

mechanisms of action. For instance, plasmids DNA (pDNAs) use the patient's biological 

machinery to replace the defective gene and express the healthy exogenous gene of 

interest. Other NAs, such as small interfering RNAs (siRNAs), prevent the synthesis of 

the pathogenic protein by knockdown the corresponding genes. In most cases, NAs 

require a carrier agent, known as vector, for their internalization into the target cells. 

Viruses were the source of inspiration during the early stages of gene therapy for the 

insertion of NAs into cells. Nowadays, viral vectors are still in use due to their high 

efficiency; however, the undesirable adverse effects associated with their use are 

forcing the search for alternatives. Among the different synthetic options for non-viral 

vectors, polymeric and colloidal systems stand out. Within colloidal systems, cationic 

lipids (CLs) are perhaps the most studied group due to their ability to interact 

electrostatically with anionic NAs, and spontaneously self-organize in aqueous solution 

forming structures similar to that of the cell membrane. The resulting complex between 

the CLs and NAs, well-known as lipoplex, must transport the NAs into cells and release 

them into the cytoplam without causing damage. The efficiency of this process will 

depend on the vector’s capacity to overcome the known biological barriers during its 

physiological journey. 

This doctoral thesis, entitled Lipoplex-mediated Nanovectorization of Nucleic Acids in 

Gene Therapy, aims to contribute to the development of new lipid vectors to insert NAs 

by studying different aspects of this intringuing process. In particular, the following 

objectives were set out in this doctoral thesis: 

 To develop and characterize lipid nanovectors as pDNAs or siRNAs carriers in 

mammalian cells in an efficient and safe manner. For this purpose, CLs of 

different structures were selected: monovalent, with one or two hydrocarbon 

chains, or divalent, such as gemini-type cationic lipids (GCLs). Amino acid 

derivatives were also included in the polar heads to improve the 

biocompatibility of the nanovectors. In all cases, CLs or GCLs were mixed with 

other non-ionic helper lipids to improve the fusogenic properties of the vector.  

 To transfect a therapeutic gene using the optimal formulations of lipid 

nanovectors previously studied in the research group. In particular, the aim was 

to transfect a pDNA encoding interleukin-12 (pCMV-IL12), a cytokine with 
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recognized antitumor action that plays a fundamental role in the immune 

response of our organism against different pathogens; hence the interest in 

seeking strategies aimed at the production of this cytokine.  

 To analyze the protein profile that shows the highest affinity for the surface of 

studied nanovectors. This protein corona (PC) provides relevant information 

about the possible response of the organism to the nanovector. Accordingly, 

the composition of the PC is quite important in current biomedicine. This 

coating is unavoidable in any of the different routes of administration, and 

conditions the success of treatment.  

 To control the release of NAs from the complex forming with lipid nanovectors. 

The release of NAs is often one of the major impediments to successfully 

complet the transfection or gene silencing successfully. Therefore, it is essential 

to find strategies that stimulate this process. With this propouse, gold 

nanoparticles (AuNPs) were included in the lipoplex formulations, and the 

resulting nanosystems were excited with ultrashort near-infrared laser pulses. 

To achieve these objectives, a multidisciplinary perspective was used that combined 

from the synthesis and biophysical characterization of lipid nanovectors (through high-

precision experimental and computational techniques) to the study of the behavior of 

the lipoplex in biological environments as well as the evaluation of their efficiency and 

viability in in vitro studies.  

With this approach it was possible to obtain the following results: 

 The proposed CLs, combined with the corresponding helper lipids, proved to 

be able to compact and protect the NAs. The biophysical characterization with 

electrochemical, structural and computational studies was fundamental to 

determine the properties of the nanovectors. The electrostatic interaction 

between CLs and NAs was the main drive force that originated the formation of 

the different lyotropic liquid crystal phases analyzed in this doctoral thesis. On 

the other hand, the nanovectors were biocompatible and effective in the 

insertion of pDNAs or siRNAs in the in vitro studies, achieving equal or even 

better results than those obtained with the control (Lipofectamine2000*), both 

in terms of biological activity and cell viability.  

 Efficient transfection of pCMV-IL12 was achieved with lipoplexes formed by 

GCLs with imidazole groups on the cationic heads and the corresponding 

helper lipid. The expression levels of this cytokine were even higher than those 

obtained with the control in tumor cells treated with some of the formulations 

studied. Also, the nanovectors showed high cell viability values. 
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 The composition of the PC adsorbed to the nanovectors’ surface was very 

similar despite the structural differences of the lipoplexes studied. Most of the 

adsorbed proteins were anionic and with low molecular weight. In addition, the 

majority proteins identified on PC, such as albumin and certain 

apolipoproteins, could increase the blood circulation times of the nanovectors, 

which would help them to reach their target.  

 Finally, pDNA release from the lipid vectors was effectively controlled thanks to 

the plasmonic properties of AuNPs added to lipid formulations. Excitation of 

the nanoparticles with femtosecond pulsed laser irradiation destabilized the 

lipid membrane of the lipoplexes by thermal heating, which triggered the 

release of NAs. 

Certainly, this doctoral thesis has represented a clear advance in the global 

understanding of the most critical aspects that gobern the search of safe and effective 

nanovectors for future gene therapy treatments, such as the need to use therapeutic 

genes from the first trials, the detailed characterization of the PC and the controlled 

release of NAs. It is expected that these results have modestly contributed to the 

development of a field of research that offers some hope for the cure of diseases for 

which, sadly, only palliative treatments are currently available. 
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13 Framework 

1. State of the Art 

1.1. Gene Therapy 

The possibility of making modifications in the human genome has been, 

undoubtedly, one of the most interesting revolutions within molecular biology to date. 

Scientific advances in the knowledge about genes and their manipulation awakened 

the interest of scientists to address the treatment of genetic diseases, inherited and/or 

acquired, from their origin at a molecular level.
1
 This would be the breeding ground for 

the birth of gene therapy.
2-3

 Gene therapy battles against genetic disorders caused by 

one or more genes through the insertion of external genetic material in a permanent, 

stable, functional and heritable way.
2
 Although the first successful inherited gene 

transfer in mammalian cells was achieved in the 1960s,
4
 the first clinical trials in humans 

did not start until the techniques involved were improved and the required ethical 

approvals were obtained. In 1988, the Recombinant DNA Advisory Committee (RAC) 

approved the first officially clinical protocol that introduced external genetic material 

into humans: a marker study where tumor-infiltrating lymphocytes, genetically tagged 

by retroviral agent, were tracked in cancer patients.
5
 In 1990, the United States Food 

and Drug Administration (FDA) approved the first clinical trial involving children with 

adenosine deaminase (ADA) deficiency, a disease that causes severe combined 

immunodeficiency (SCID). White blood cells were taken from these patients and 

modified to express the normal ADA gene, using a retroviral as the transport agent for 

the foreign gene.
6
  

The combination of genes with a carrier agent commonly known as vector is one of 

the most critical aspects of gene therapy. The necessity to research in vector 

development became evident when the boom that early gene therapy experienced 

came to a halt after the death of a patient in 1999. With the purpose of correcting a 

partial ornithine transcarbamylase (OTC) deficiency, which produces metabolic 

disorders in the urea cycle, the patient received adenoviral gene therapy. The immune 

response after the administration of the dose was immediate and a multi-organ failure 

caused the death few days after the beginning of the treatment.
7
 Notwithstanding, 

gene therapy has continued to develop thanks to the knowledge and scientific 

advances of different disciplines. Figure 1 shows the clinical trials approved worldwide 

in gene therapy from 1989 to 2020. More than 3000 gene therapy clinical trials have 

been approved (completed or in development) up to now worldwide.
8
 There is no 

doubt that it is one of the most powerful emerging branches of biomedicine to fight 

certain diseases.
9
 It is even bringing hope for the treatment of diseases considered 

chronic, hereditable or incurable, such as Alzheimer´s, Parkinson´s, cystic fibrosis or 

SCID, for which only palliative treatments are currently available. However, the 

complexity of gene therapy is also clear. Although there are many diseases that in 
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theory could be susceptible to genetic treatments, the reality is quite different, making 

it difficult for gene therapy to meet expectations. A deeper knowledge and better 

understanding of all the processes involved are still required for gene therapy to be 

applied in practical medicine.
10
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Figure 1. Number of gene therapy clinical trials approved worldwide from 1989 to 

2020.
8
 

Currently, clinical trials are addressing the treatment of different diseases (see 

Figure 2a). Cancer is clearly the most treated disease with gene therapy despite being a 

pathology considered multifactorial (it involves alterations in several genes that cause 

the neoplastic phenotype of malignant cells), followed by monogenic, infectious and 

cardiovascular diseases.
11

 The majority of these clinical trials are in Phase I (i.e., 

checking the safety of the drug, maximum dosage and appropriate routes of 

administration) and Phase II (i.e., proving the efficacy) due to the limitations in the 

strategies and complications attributed to adverse effects (see Figure 2b). Among 

them, around 5% are in Phase III, where safety and efficacy of the drug are verified, and 

only 0.1% are focused on the study of the safety of a genetic treatment over time 

(Phase IV). 
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Figure 2. (a) Treated diseases and (b) phases of clinical trials applied in gene therapy, 

where n is the number of clinical trials.
8
 

It is worth mentioning that although gene therapy can be classified into somatic 

and germinal depending on the type of cells to be affected, the current legislation only 

contemplates gene therapy in somatic cells for ethical reasons.
12

 This means that the 

genetic modifications introduced in this type of cells are not transferred to the next 

generation, as it would happen if germinal cells were treated. According to the pathway 

chosen for the incorporation of the exogenous genes into the target cells, a process 

known as transfection, gene therapy can also be distinguished as ex vivo or in vivo 

(see Figure 3). In ex vivo therapy, genetic corrections are carried out outside the body 

of the patient. Cells are previously extracted by biopsy and after being manipulated in 

the laboratory, grown in a cell culture and subjected to the transfer process in vitro, 

those genetically modified are reincorporated to the patient. In in vivo therapy, the 

genetic material is introduced directly into the body of the patient through any 

administration route (i.e., subcutaneous, intramuscular, intraosseous, intradermal, 

intravenous or intralumbar), to target the cells. Even though in vivo therapy seems 

easier to apply, there is less control of the transfection process and generally produces 

worse overall results. 

Phase I 56.4% (n= 1793)

Phase I/II 22.0% (n= 700)

Phase II 15.8% (n= 502)

Phase II/III 0.9% (n= 30)

Phase III 4.4% (n= 140)

Phase IV 0.1% (n= 4)

Single subject 0.3% ( n= 11)

a) 

b) 

Cancer diseases 67.4% (n= 2114)

Monogenic diseases 11.6% (n= 370)

Cardiovascular diseases 5.8% (n= 186)

Infectious diseases 5.8% (n= 186)

Neurological diseases 1.7% (n= 55)

Ocular diseases 1.5% (n= 47)

Inflammatory diseases 0.5% (n= 15)

Other diseases 2.0% (n= 65)

Gene marking 1.5% (n= 49)

Healthy volunteers 2.0% (n= 63)
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Figure 3. Schematic illustration of the ex vivo and in vivo treatments. 

1.2. Nucleic Acids as Therapeutic Agents 

In both ex vivo and in vivo therapies, the genes or nucleic acids (NAs) inserted act 

as the therapeutic agent
13

 and their nature will depend on the genetic disorder to be 

treated. For example, for the treatment of cancer, genes that code for tumor receptors 

or antigens, as well as for cytokines (set of proteins and glycoproteins that regulate the 

immune response or inflammatory processes) are inserted. The types of genes used in 

gene therapy up to date are shown in Figure 4.  

According to their therapeutic strategy, NAs can be divided into coding, which 

contain the information for de novo protein synthesis in their DNA sequences,
14

 and 

non-coding, DNA or RNA sequences which information intervenes at any of the 

synthesis levels of the specific protein (transcription, post-transcription or translation). 

Depending on their biochemical characteristics, synthesis and their mechanism of 

action, NAs can be principally summarized in: i) plasmid DNA (pDNA) or other DNA-

based molecules such as minicircle DNA (MC) or mini-intronic plasmid (MIP), ii) 

antisense oligonucleotides (AON), and iii) the RNA-based molecules which participate 

EX VIVO IN VIVO 

Therapeutic gene 
Therapeutic gene 
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in RNA interference (RNAi) mechanisms, such as small interfering RNA (siRNA), short 

hairpin RNA (shRNA) or microRNA (miRNA). Table 1 collects their main differences. 

 

Figure 4. Types of genes transfected in clinical trials by gene therapy, where n is the 

number of clinical trials.
8
 

Table 1. A summary of therapeutic NAs used. Adapted from Molecular Pharmaceutics 

2013, 10, 4082-4098.
15

 

Characteristic pDNA MC MIP AON siRNA shRNA miRNA 

Molecular 

Weight 

1.5-20 

kb 

2-6 

kb 

2-4 

kb 

8-50 

nucleotides 

19-25 

bp 

Stern: 25-29 

bp 

Loop: 4-23 

nucleotides 

21-24 

nucleotides 

Mechanism 

of action 

Nuclear localization 

followed by transgene 

expression under-

engineered promoters 

Steric-

translation 

blocker and 

mRNA 

maturation 

interference 

RNAi mechanism 

Synthesis/ 

Propagation 

Bacteria propagation and 

purification. MC requires 

additional restriction 

enzyme and ligase 

reactions 

Synthetic, siRNA have been produced by bacterial 

propagation and purification 

 

One of the more commonly methods used to introduce DNA sequences with 

therapeutic effect is through pDNAs. The term plasmid was coined by the molecular 

biologist Joshua Lederberg in 1952 for extrachromosomal DNA sequences that are 

mainly found in bacteria, although also exist in archaea or eukaryotic cells such as 

Receptor 20.6% (n= 654)

Antigen 19.9% (n= 634)

Cytokine 13.7% (n= 437)

Deficiency 9.4% (n= 298)

Suicide 6.1% (n= 194)

Growth factor 5.9% (n= 188)

Tumor supressor 4.2% (n= 132)

Oncolytic virus 2.5% (n= 79)

Marker 1.8% (n= 58)

Antisense 1.4% (n= 43)

Other types 12.4% (n= 393)

Unknown 2.2% (n= 70)
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yeasts or plants. The pDNAs have the ability to replicate independently from the 

chromosomal DNA of the host. Their size can reach 20 kb, they are normally circular 

(see Figure 5a) but can adopt coiled or supercoiled conformations in physiological 

medium. Their manipulation is possible by integrating coding sequences, which makes 

them fundamental pieces in recombinant DNA technology. The mechanism of action of 

the pDNAs, once in the cytoplasm, will depend on its ability to reach the nucleus and 

self-replicate with the cellular machinery of the patient. The simplest form of pDNAs 

used in the laboratory (see Figure 5b) presents the following parts: i) a designed 

promoter, such as the most used cytomegalovirus (CMV) promoter, which drives the 

transcription of the target gene; ii) an origin of replication (or ORI), which allows the 

initiation of replication through the host’s native machinery; iii) recognition markers, 

such as antibiotic resistance gene which allows the distinction of bacteria; and iv) the 

multiple cloning sites, the enzyme restriction regions that allow the insertion of foreign 

DNA. The pDNAs are easy to manipulate and have the clear advantage of self-

replication, expressing the gene of interest. Their use for the transfection of somatic 

cells is clearly the most conventional strategy on gene therapy. However, they also 

present disadvantages because require the nuclear uptake, and certain elements 

included in the plasmid (bacterial backbone and antibiotic resistance markers) can 

influence the regulatory signals of gene expression, generating negative side effects or 

not achieving enough therapeutic efficiency.  

 

Figure 5. (a) Plasmid DNA in its relaxed and supercoiled conformations. (b) Typical 

plasmid map. 

Before the use of non-coding NAs, messenger RNA (mRNA) was considered the 

only mediator between chromosomal DNA and protein synthesis at ribosomes. Non-

coding NAs can prevent the synthesis of the pathogenic protein by blocking or 

silencing genes (gene knockdown), which does not imply their total elimination (gene 

Antibiotic 
Resistance 

Gene 

Selectable 
Marked 

Plasmid Map 

Origin of  
Replication 

Inserted Gene 

Promoter 

Restriction Site 

Restriction Site 

a) b) 

Relaxed circular conformation 

Supercoiled conformation 
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knockout). In the case of AONs, short synthetic nucleotide sequences of DNA or RNA, 

their complementary binding to mRNA suppress the target gene. However, gene 

modulation into the cytoplasm occurs mainly through RNAi. The mechanisms happen 

naturally within cells to control and regulate gene expression.
16

 These processes were 

discovered by Andrew Fire and Craig Mello in 1998 (Nobel Prize in Physiology or 

Medicine, 2006) and opened a new avenue in the study of genetic disorders.
17

 There 

are different types of non-coding RNAs: miRNA, siRNA and shRNA. miRNAs are single 

strands of 20 to 24 nucleotides which bind partially to complementary sites in mRNA. 

This binding affects the stability of mRNA and prevents their translation. By contrast, 

siRNAs are short double-stranded fragments of 19 to 25 bp able to gene knockdown 

through a process that involves numerous proteins. Figure 6 shows a simple scheme of 

the gene knockdown process by siRNA. Briefly, siRNAs bind to a set of proteins, which 

includes an argonaute protein (Argo-2), in the RNA-induced silencing complex (RISC). 

The RISC complex selects and maintains one of the siRNA strands, the antisense or 

guide strand, while the sense strand is degraded. The guide strand is combined 

specifically with mRNA transcribed. Once the binding with mRNA has occurred, the 

argonaute protein catalyzes mRNA cleavage for its subsequent degradation. In the case 

of shRNAs molecules, which are a continuous single strand of 25 to 29 bp and a loop of 

4 to 23 nucleotides, a Dicer protein is required to remove the loop and produce 

siRNAs. 

 

Figure 6. Schematic illustration of gene knockdown process using siRNAs.  

RNA therapeutic molecules offer a powerful mechanism of action to treat genetic 

diseases since they can uniquely target the genes that cause the disease.
18

 Synthetic 

siRNAs have allowed the manipulation of gene expression
19-20

 by blocking specific 

regions in the mRNA sequence through the formation of the RISC complex and by 

suppressing the synthesis of pathogenic proteins. However, the RNA based therapies 

also have drawbacks, like their inherent instability.  

siRNA 

RISC 

Sense strand cleavage 

Antisense 
strand-RISC mRNA recognition 

mRNA cleavage 

Cytoplasm 
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The knowledge and control of the processes involved during the use of any NAs as 

therapeutics agents is essential for ensuring a selective, effective, and safe gene 

transfection. After disease diagnosis and the recognition of target cells, the strategy to 

synthesize the therapeutic genes must be determined. One important factor that needs 

to be considered when determining what strategy to follow is that NAs, free or 

encapsulated in a vector, have to overcome the well-known biological barriers in 

order to achieve their target. 

1.3. Biological Barriers 

Biological barriers are the result of the evolutionary process and constitute one of 

the main current challenges in biomedicine. There are extracellular and intracellular 

barriers and both limit the biodistribution of the therapeutic gene and, therefore, their 

results, especially in in vivo therapy. Figure 7 shows the main extra and intracellular 

barriers after a systemic administration of the nanomedicine used. 

When the therapeutic agent is introduced in the body, it undergoes a series of non-

specific interactions with the blood components that will condition the time of 

circulation in the biological fluid. Blood proteins form a crown-shaped coating around 

the therapeutic agent, known as protein corona, which could favor the circulation time 

in blood and the cellular entrance, or trigger an immune response if proteins adsorbed 

are considered as opsonin proteins. This latter would result in the elimination of the 

therapeutic agent introduced by the mononuclear phagocytic system (MPS) and, 

therefore, the loss of the treatment. In current biomedicine, there are numerous studies 

dedicated to the investigation of the protein corona, so it is worthwhile to describe it in 

more detail (see Section 1.6). Other fundamental biological molecules present in the 

bloodstream and involved in the process of elimination of genes are nucleases. These 

enzymes cut the phosphodiester bonds that maintain nucleotides together in the DNA 

or RNA structures. Although they are essential in the processes of replication and repair 

of chromosomal DNA, they must be avoided in gene therapy to maintain the integrity 

of the exogenous genes. Hence, the majority of therapies use NAs nanovectorization 

to assure their protection. This nanovectorization can also allow the internalization 

through the cell membrane, another of the physical extracellular barriers. Otherwise, 

the electrostatic repulsions generated between both negatively charged entities (NAs 

and cell membrane) would prevent the entry of the naked NAs. 
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Figure 7. Biological barriers after systemic administration. Reproduced from Nano 

Today 2018, 21, 74-90.
21

  

The size and rigidity of NAs are also factors that limit their ability to cross the cell 

membrane, which selectively regulates the exchange of substances between the 

outside and the inside of the cell according to cellular necessities. This transport of 

substances through the membrane can be categorized as active or passive, depending 

on whether or not they need energy. The entry of large molecules, which does not 

occur passively, is an energy-dependent process known as endocytosis.
22

 Among the 
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endocytic processes, different mechanisms such as phagocytosis or pinocytosis can be 

distinguished (see Figure 8). The latter mechanism is subdivided into macropinocytosis 

and receptor-mediated endocytosis (RME) according to the proteins and lipids 

involved.
23

 

 

Figure 8. Mechanisms of cellular endocytosis. Reproduced from Pharmaceutics 2020, 

12, 371.
24

 

The endocytosis mechanisms share the specific absorption between the substance 

and the cell surface, the invagination of the membrane, the detachment of the 

membranous vesicle (known as endosoma) inside and its circulation to the 

corresponding cell organelle.
24

 Although there are other uncoated vesicle mechanisms, 

RME is the main pathway of cellular uptake in transfection processes by non-viral 

vectors.
25-26

 The binding with specific receptors produces a conformational change that 

leads to the generation of an endosome.
27-28

 Endocytosis mediated by clathrin
29

 is the 

main route of entry of nutrients in mammalian cells, while endocytosis mediated by 

caveolina
30

 is the principal mechanism of pathogen internalization. Each type of 

mechanism generates endosomes with different size and behavior. In general, during 

the endocytosis the cell surface experiences a rapid pH decrease from 7.2 to 6.0 in the 

lumen of early endosomes and to 4.8 during the maturation to late endosomes. After 

this acidification, late endosomes are degraded by fusion with lysosomes. This fusion 

can cause damage to NAs and, therefore, it has to be a fast and safe process to 

maintain the integrity of NAs. Their release from endosomes is named as endosomal 

escape, one of the recognized intracellular barriers which mean one of the last 

obstacles to overcome by vectors. If NAs are still complexed to the vector after 

endosomal escape, they have to be released in a process known as vector unpacking, 
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another bottleneck for biomedicine. Both endosomal escape and vector unpacking are 

critical issues and can be induced by different stimuli which will be described in Section 

1.7. Finally, NAs have to reach the appropriate cell compartment (i.e., the nucleus in the 

case of pDNAs) to avoid their degradation in the cytoplasm.  

It is clear that each biological barrier means one limit or weakness for gene therapy. 

Both the synthesis of the correct protein by the use of pDNAs, as well as the specific 

post-transcriptional silencing of pathogenic protein by siRNAs, may be limited or, even, 

not take place if NAs molecules do not reach the nucleus or cell cytoplasm, 

respectively. Their degradation by nucleases or their incapacity to cross the negatively 

charged cell membrane are clear examples of the necessity to use a method for the 

internalization of NAs. 

1.4. Methods to Introduce Nucleic Acids into Cells: Gene Vectors 

Biological barriers can be overcome or modulated using an appropriate method and 

suitable strategy. The different methods for the  nanovectorization of NAs can be 

classified as physical,
31

 chemical and biological.
32-33

 The latter are assisted by vectors, 

which are chemical or biological entities used as nanovehicles of genetic material. 

Some of the most relevant transfection methods are shown in Figure 9. Physical 

methods disrupt the cell membrane to introduce NAs using external forces or fields 

applied by a device. This group includes electroporation and sonoporation, which use 

electrical or ultrasound pulses for exogenous uptake, or bioballistics, which uses a gun-

like device to shoot metallic micro- or nanoparticles (NPs), usually gold nanoparticles 

(AuNPs), coated with the NAs. Ferromagnetic microparticles are capable of 

permeabilizing the genetic material by application of a magnetic field and are also 

commonly used in bioballistics. Microinjection, another physical method, uses 

microneedles to directly inject NAs into the cytoplasm or nucleus of cells. Furthermore, 

there are methods that use continuous or pulsed laser irradiation to create bubbles 

which allow the passive entry of exogenous NAs, such as optoinjection. An emerging 

version of this method is photoporation, in which the transfection is assisted by laser 

irradiation in the presence of plasmonic nanomaterials, such as AuNPs, which will be 

described later (see Section 1.8). All these physical methods have their advantages and 

limitations. In some cases, they present a relative low efficiency and the assistance must 

be very localized. In addition, these processes can generate high rates of toxicity or 

cellular damage, in many cases irreversible. The use of micro- or nanoparticles for 

transfection, despite using a physical method to introduce NAs, could be also 

considered a vector-assisted method, the second category used in this document to 

classify transfection methods.  
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Figure 9. Most relevant transfection methods. Adapted from Molecular Pharmaceutics 

2013, 10, 4082.
34

 

Therefore, vectors must protect the NAs and must meet certain conditions to be 

considered potentially efficient in genetic transfection. These requirements are: 

 Easy and reproducible synthesis, with reasonable or low costs to be produce 

on a large scale. 

 High chemical stability and easy storage. 

 Large capacity to compact genes with a wide range of size (from 350 to 

20000 bp) and high efficiency in gene unpacking.  

 Highly specific to recognize and act on determined tissues or cells. 

 Resistant to degradation. 

 Immunologically inert, without elements that can trigger an immune 

response. 

 Favorable to the expression, integration and replication of the therapeutic 

gene. 

 With zero or minimal toxicity levels and side effects. 

Sonoporation 

Electroporation 
Viral 

transfection 

Microinjection 

Optoporation 

Magnetofection 

Lipofection 

NPs-assisted laser  

transfection 

Gene gun 

Cytoplasm 
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All these conditions make the search for a universal vector really difficult. The 

advances in gene transfer in bacteria and how specific gene mutations could be 

inherited after a viral infection were the inspiration in the early days of gene therapy.
35-

36
 Upon understanding how viruses can effectively insert foreign genetic material into 

somatic cells, they were postulated as the first candidates to transport NAs in the 

treatment of certain genetic diseases.
37

 With the appropriate tools to recombine DNA, 

the genetic sequences of disease-causing viruses can be replaced by therapeutic genes. 

These transformations are complex and, currently, only possible for the simplest viruses 

such as retrovirus, adenovirus, adeno-associated virus, poxvirus, and herpes virus.
32

 

Adenoviruses, retroviruses and the internalization of naked pDNAs using one of the 

mentioned physical methods are the most common strategies (see Figure 10). 

 

Figure 10. Vectors used in gene therapy, where n is the number of clinical trials.
8
 

However, the use of viral vectors presents risks and their production can be limited 

at large-scale, even for the simplest vectors. The main problem when using these 

vectors is that they can induce an unexpected immune or inflammatory response and 

cause oncogenic or infectious effects (e.g., viral tropism).
38-41

 In addition, their genetic 

information could be included in the host's genome by endogenous virus 

recombination. With these drawbacks, it was necessary to find an alternative to viral 

vectors. Synthetic chemical vectors are potential candidates since they are able to 

compact the NAs, forming a quasi-stable complex that is distributed in the body with 

minimal side effects. This compaction can be achieved through electrostatic 

interactions between cationic entities and the negative charges of the phosphate 

groups in the NAs. The most commonly used chemical systems are colloidal such as 

cationic lipids and polymeric such as polycations or the combination of both 

(lipopolymers).
42-44

 Inorganic dendrimers, polypeptides and nanoparticles with an 

electrostatic coating can also be used.
45-47

 Macrocyclic systems such as cyclodextrins, 

calixarenes, rotaxanes or pillararenes, are also generating interest in gene therapy due 

to their ability to compact genetic material into colloidal aggregates.
48-50

 

Adenovirus 17.5% (n= 573)

Retrovirus 16.4% (n= 536)

Naked/Plasmid DNA 14.7% (n= 482)

Lentivirus 10.1% (n= 331)

Adeno-associated virus 8.0% (n= 263)

Vaccinia virus 6.0% (n= 197)

Lipofection 3.8% (n= 125)

Poxvirus 3.4% (n= 113)

Herpes simplex virus 3.1% (n= 101)

RNA transfer 2.0% (n= 64)

Other vectors 6.0% (n= 198)

Unknown 9.0% (n= 295)
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The design and synthesis of novel nanovectors requires a compromise between 

efficiency and toxicity. This is the real challenge faced by synthetic chemistry 

laboratories. Nowadays, the possibilities for synthesis are numerous and there are 

many candidates for compacting NAs. However, under biological conditions (in vitro 

and in vivo studies) the number of vectors with success in gene therapy is still too 

limited. For instance, currently, the vectorization of genetic material is being key to the 

development of some of the proposed vaccines against the severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) viral pathogen. mRNA 1273 (Moderna) and 

BN162b2/Comirnaty (BioNtech/Pfizer) use lipid nanoparticles to encapsulate mRNA 

which encodes for the SARS-CoV-2 spike (S) protein while AZD1222/Vaxzevria 

(Oxford/AstraZeneca) and JNJ-78436735/Ad26.COV2.S (Janssen/J&J) introduce DNA 

encoding for the spike (S) protein protected in adenovirus.
51

 

1.5. Vectors based on Lipids 

Lipid-based vectors are considered potential candidates as gene non-viral vectors 

due to their structural similarity to the cell membrane. In particular, cationic lipid 

vectors are the most promising and studied group. Cationic lipids (CLs) neutralize NAs 

and form complexes known as lipoplexes, which are able to transport and deliver the 

NAs to express or block genes in the global process of lipofection. Frequently, they are 

used as controls in in vitro studies (e.g., Lipofectamine2000*, Invitrogen-Thermo Fisher). 

However, only 3.8% of the vectors currently used (see Figure 10) are lipid-based. It is 

still necessary to study these colloidal systems in order to improve the transfection 

levels in in vivo studies and reduce their possible adverse effects. 

Lipid-based vectors are mainly composed of mixtures of molecules with amphiphilic 

character. These lipids are capable of self-organization and self-assembly in aqueous 

solutions, which gives them the ability to interact with NAs, forming lipoplexes. 

Amphiphilic molecules have two well differentiated structural parts, the hydrophobic 

region, with one or more aliphatic hydrocarbon chains, and the hydrophilic region, with 

one or more polar or ionic groups. In aqueous solution, amphiphilic molecules 

associate spontaneously in a cooperative and entropically favorable process above 

their critical aggregation concentration (cac). As the hydrophobic chains reorganize 

to avoid contact with water, different structures can form depending on the lipid 

concentration. Just above the cac, lipids form micelles or vesicles, transitioning to 

lyotropic liquid crystal phases (lamellar, cubic or hexagonal) when the concentration 

increases.
52-54

 These colloidal self-assembled structures are in dynamic chemical 

equilibrium with their monomers, free amphiphilic molecules. Their stability depends 

on the balance between all non-covalent intermolecular interactions, such as  

hydrophilic interactions, hydrophobic effect, electrostatic repulsions, etc.
55-56

 Thus, 

changes in concentration, temperature, pressure, pH or ionic strength affect the size 
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and shape of the aggregates.
57-59

 Israelachvili defined a packing parameter, P, to 

predict the different colloidal structures that this type of molecules can adopt. To 

calculate P, only geometric parameters are considered
53-54,59-60

 (see Figure 11a). In 

Israelachvili’s equation, v is the volume of the hydrocarbon chains, assuming they are 

fluid and incompressible, lc is the critical length of the hydrocarbon chain (i.e., the 

maximum effective length that the chains can reach when they are part of the colloidal 

aggregate), and a0 represents the effective area of the polar head on the surface of the 

aggregate. Tanford proposed a model to estimate the volume and length of the 

hydrophobic chains as a function of the number of carbons nc
52,61-62

 (see Figure 11b). 

Figure 11c depicts the different self-assembled structures formed by amphiphilic 

molecules in a given solution according to the Israelachvili parameter.  

 

Figure 11. (a) Israelachvili’s equation for the calculation of P and the scheme of the 

different geometric factors involved in amphiphilic molecules. (b) Tanford’s equations 

to estimate v and lc as function of nc. (c) Colloidal self-assembled structures according 

to the value of P. Adapted from J. Drug Deliv. 2011, 326497.
63

 

Double-chain amphiphilic molecules are the most frequent choice for lipid vectors 

due to their lower solubility compared to single-chain molecules, showing values of cac 

up to 10
5
 lower.

59
 Different surface and membrane properties, such as steric 

interactions, surface charge or membrane rigidity, depend on the nature and 

composition of the hydrophobic and hydrophilic regions of amphiphilic molecules.
56

 

One of the most important properties for the preparation of gene vectors is the 

Israelachvili: 
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rigidity-fluidity balance of the structures. This characteristic is associated with 

thermotropic mesomorphism (the property of lipids to show different mesophases 

during their gel-fluid transition) and the membrane transition temperature, Tm.
56

 Above 

this temperature, the lipid bilayers become more fluid, flexible, disordered and dynamic 

than in the gel phase.
53,64

 Tm is strongly dependent on the length of the hydrophobic 

chain and, normally, decreases with the number of unsaturations. Working above this 

temperature is crucial to ensure the flexibility of the membrane during the transfection 

process. Although CLs are the preferred candidates for the NAs compaction process 

directed by electrostatic interactions,
65

 they are usually mixed with non-ionic lipids with 

double bonds to assure a low overall Tm.
66-67

 

Since the first CL able to compact DNA for a transfection process was reported,
68

 a 

wide variety of lipid structures have been designed by modification of the cationic 

head groups and the hydrophobic region. Sometimes, a linker or spacer between the 

two polar heads is incorporated, when the CL present two or more heads. Lipids with 

several cationic heads (see Figure 12a) are known as multivalent cationic lipids (MCLs), 

and lipids with two hydrocarbon chains and two polar heads (twin blocks) joined by a 

spacer (see Figure 12b) are known as gemini cationic lipids (GCLs). 

 

Figure 12. Schematic molecular structures of (a) MCLs and (b) GCLs. 

Nowadays, there are numerous synthetic procedures to obtain lipid structures of 

different levels of complexity.
65,69

 The most used groups as cationic heads are 

quaternary ammonium salts, amines/polyamines, guanidine, and heterocyclic 

compounds (e.g., imidazole and pyridine) or a combination thereof. Cationic amino 

acids (e.g., lysine, arginine and histidine) and their derivatives have been also used to 

improve the biocompatibility of the nanovector. The linker seems to play a meaningful 

role in the stability, cytotoxicity and efficiency of vector. Ethers, alkanes, esters or 

carbamates are the often used as linkers or spacers. The hydrophobic regions are 

a) b) Cationic  
headgroup 

Spacer 

Hydrophobic  
tails 
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comprised of long saturated or unsaturated hydrocarbon chains. It seems that these 

hydrophobic regions could confer toxicity to the vector, thus the interest to include 

more biocompatible structures in the synthetic routes. Examples of these structures are 

cyclic steroids, such as cholesterol (Chol) or lipoic acid.
70

 Furthermore, the flexibility of 

the lipid is also influenced by the nature of the hydrophobic chains, as it has been 

mentioned in relation to the Tm and the number of unsaturations. Figure 13 shows 

some examples of the different commercial lipid structures which combine the 

structural aspects mentioned, like monovalent cationic lipids: 1,2-di-O-octadecenyl-3-

trimethylammonium propane (DOTMA), 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP) and 3β-[N-(N',N'-dimethylaminoethane)-carbamoyl]cholesterol hydrochloride 

(DC-Chol), and multivalent cationic lipids: 2,3-dioleyloxy-N-[2-

(sperminecarboxamido)ethyl]-N,N-dimethyl -1-propanaminium trifluoroacetate 

(DOSPA), dioctadecylamidoglycylspermine (DOGS) and N1-[2-((1S)-1-[(3-

aminopropyl)amino]-4-[di(3-amino-propyl)amino]butylcarboxamido)ethyl]-3,4-

di[oleyloxy]-benzamide (MVL5).  

 

Figure 13. (a) Monovalent cationic lipid structures: DOTMA, DOTAP and DC-Chol. (b) 

Multivalent cationic lipid structures: DOSPA, DOGS and MVL5. 

a) 

  

b) 
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GCLs have shown better results in transfection and higher biocompatibility than 

their single-chain counterpart. This feature, together with the variety of protocols for 

their synthesis, has made GCLs an attractive family to be used as nanovectors. Like 

MCLs, GCLs possess a higher positive charge density per hydrophobic chain to interact 

with NAs than lipids with a single charge and two chains. This may explain their lower 

toxicity compared to the CLs previously used.  

Despite the availability of the charge to compact the NAs, the presence of a CL (or 

GCL) is not always enough, and other lipids are required in the mixture to form a 

potentially efficient vector. These auxiliary lipids are known as coadjuvant or helper 

lipids and their presence significantly improves the fusogenic properties of the 

nanovector (decreasing the Tm), and reduces the possible toxicity of cationic lipids. 

Zwitterionic or neutral lipids (NLs) are the most commonly used helper lipids. 

Zwitterionic lipids have an equal number of positively- and negatively-charged 

functional groups in their structure, being the conditions of the medium what 

determines the overall net charge. Zwitterionic lipids with a neutral charge at 

physiological pH (7.4) are interesting since they do not contribute to the overall net 

charge of the nanovector. There are two main families of zwitterionic lipids used for 

transfection: phosphatidylethanolamines, such as 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE) and 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine (DPPE), and phosphatidylcholines, such as 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC). DOPE is the most commonly used lipid in conventional gene transfection due 

to the double bond in position 9 which drastically decreases the Tm of the mixture.
71

 

Chol and 1-(cis-9-octadecenoyl)-rac-glycerol (MOG) stand out among the NLs,
72

 

being MOG undoubtedly one of the most used in the gene knockdown field due to its 

fusogenicity also attributed to the double bond in its structure.
73-75

 Figure 14 shows the 

molecular structures of the different lipids mentioned above.  

Although much less common, anionic lipids (ALs) can also be used to transport 

NAs.
76-78

 They are usually phospholipids naturally found in cell membranes, such as 

phosphatidylglycerol and phosphatidylcholine, which confers ALs a higher 

biocompatibility than CLs. Also, their negative charge prevents the adsorption of 

negatively charged proteins, which can decrease the recognition and degradation by 

MPS. Although they present advantages with respect to their cationic analogues, they 

do not tend to result in a better transfection. Examples of these anionic lipids are 1,2-

dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG), and 1,2-dioleoyl-sn-glycero-

3-phospho-L-serine (DOPS) (see Figure 15). 
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Figure 14. (a) Structures of zwitterionic lipids DOPE, DPPE, DOPC and DPPC. (b) 

Structures of neutral lipids MOG and Chol. 

 

Figure 15. Structures of anionic lipids DOPG and DOPS. 

Macrocyclic vectors with a lipid matrix have also been used for the insertion of NAs. 

The molecules that compose this type of vector contain macrocycles and hydrophobic 

chains with different length in their structure, which makes them self-assemble to form 

supramolecular structures. Calixarene (CXs), pillararene (PLs) and polycationic 

amphiphilic cyclodextrins (paCDs) stand out as the most studied macrocyclic vectors
48-

50,79-81
 (see Figure 16). 

a) 

  

b) 
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Figure 16. Schematic molecular structures of (a) CX (b) PL and (c) paCD. 

Taking account only geometric considerations, the aggregation pattern of lipids is 

relatively simple to predict using the packing parameter (see Figure 11a). However, 

after their mixture with NAs, the structure of the lipoplex is not trivial to anticipate. The 

lipoplex formation is a spontaneous process driven by electrostatic attractions between 

the negatively-charged NAs and the positively-charged lipid aggregate. An entropic 

gain has to be also considered in the interaction process since counterions from NAs 

and lipid mixtures are released to the bulk. Kinetically, the lipoplex formation can be 

understood as a multi-step and multi-length scale process. Initially, the NAs bind 

electrostatically onto the oppositely charged surface of the lipid mixtures in a relatively 

fast stage, in the order of milliseconds.
82

 This is followed by a longer stage where 

NAs/cationic lipid flocculate and form different lyotropic liquid crystal phases.  

The main lyotropic liquid crystal phases found in these type of systems are: the fluid 

lamellar (Lα), the inverse hexagonal (HII
C
), and the cubic bicontinuous structures.  

The fluid Lα lamellar phase is a multilamellar arrangement that can be understood 

as a sandwich-like structure (see Figure 17a). Positively charged lamellar bilayers are 

alternated with aqueous monolayers where NAs are electrostatically compacted. In this 

phase, the interplanar periodic distance corresponds to the distance between the lipid 

bilayers (d). This length is the sum of the thickness of the lipid bilayer (dm) and the 

thickness of the water region (dw), where the NAs are located. 

 

a) 

  
b) c) 
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Figure 17. : Lyotropic liquid crystal phases: (a) fluid lamellar phase (Lα) and (b) inverse 

hexagonal phase (HII
C
). 

In the reverse HII
C
 hexagonal phase, lipid mixtures are self-organized forming 

cylindrical inverted micelles in a hexagonal arrangement (see Figure 17b). Being a 

reverse phase, the cationic polar heads of the lipids are directed towards the interior of 

the cylinders and consequently, the negatively charged NAs are included inside. The 

lattice spacing of the unit cell (a) is the distance between the centers of the cylinders. 

Analogously to the Lα lamellar phase, this distance is the sum of the thickness of the 

lipid bilayer (dm) and the aqueous space (dw). 

Finally, examples of cubic bicontinuous phases are the primitive cubic phase (QII
P
), 

the double-diamond phase (QII
D
) and the double-gyroid phase (QII

G
), with Im3m, Pn3m 

and Ia3d as crystallographic space groups, respectively (see Figure 18). In the cubic 

bicontinuous phases, lipids self-aggregate in bilayers forming six, four or three 

channels of water at angles of 90, 109.5 and 120° for Im3m, Pn3m, and Ia3d 

respectively, where NAs are included. The lattice spacing of the unit cell can be also 

estimated in bicontinuous cubic phases. Parameters such as the monolayer thickness or 

lipid chain length, which is used to determine other structural parameters (e.g., the 

radius of the water channels) can be determined through different geometrical 

models.
75

 

a) b) 
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Figure 18. Cubic bicontinuous phases: the primitive cubic phase (QII
P
), the double-

diamond phase (QII
D
) and the double-gyroid phase (QII

G
), with Im3m, Pn3m and Ia3d as 

crystallographic space groups, respectively. Adapted from Molecules, 2019, 24, 21.
83

 

Most of the studies devoted to the kinetics of lipoplex formation focus on 

multilamellar lipoplexes. The formation of the other lyotropic liquid crystal phases is 

expected to follow similar steps, although with different rate constants.
84

 The 

macrocyclic vectors also show well-defined structures in their aggregation with NAs.
81

 

The structure of a lipoplex in equilibrium is governed by the following parameters: 

the nature of the lipid or lipids, the lipid composition (i.e., the molar fraction in lipid 

mixture, ) and the charge ratio between lipids and NAs (). Although the NA inclusion 

depends on its length, the NA nature has a lesser effect on the overall lipoplex 

structure, mainly dominated by the lipid-preferred phase. The stability and kinetics of 

the final mesoscopic aggregate mainly depend on the composition of the lipoplex, its 

net charge and the ionic strength of the medium. Also, their structural characteristics 

(size, shape, phase and polydispersity) play a key role throughout the transfection 

process. The structure-biological activity relationship links the structural aspects of the 

gene vector and its capacity for cell transfection. In any case, the lyotropic liquid crystal 

phases significantly reduce the exposure of the NAs to the biological environment, 

which increases their lifetime and, in turn, the probability to achieve the target cell. 

The search for new lipids, or structural modifications of already known lipids, 

focuses on reducing the toxicity and overcoming the pharmacokinetic barriers 

mentioned above (see Figure 7). In this way, vectors have to achieve longer circulation 

times and an adequate biodistribution, and then, they have to be able to entry and 

release the therapeutic gene into the target cells. The high biocompatibility and 

biodegradability of lipid systems, as well as the good in vitro results of many of them, 

makes this type of molecules good candidates as therapeutic vectors. However, the 

a) b) 

Ia3d Pn3m Im3m 

c) 
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efficiency results in cell lines are not always observed in in vivo environments, where 

the conditions affect the abilities of the nanovectors and worsen the results. The 

interactions with biomolecules at physiological fluids, and the changes that 

nanovectors undergo in these environments can result in poor results in in vivo 

therapies. Only a deep understanding of the interactions between the nanovector with 

the biological machinery and the cellular environment will make it possible to 

determine the effects of these interactions and their consequences. Therefore, more 

sophisticated and smart vectors may be designed, avoiding extra- and intracellular 

limitations to improve their effectiveness and reduce their toxicity. 

1.6. Nanovector-Biological Fluids Interaction: Protein Corona 

Any agent introduced into the human body through any administration route (e.g., 

intravenous, oral, subcutaneous or intramuscular) starts a journey through biological 

fluids where it is exposed to a wide variety of active biomolecules that can interact with, 

conditioning the success of its target. In particular, the physiological fluids contain 

large amounts of proteins which tend to adsorb on the surface of the external agent 

(e.g., nanovector). This crown-shaped coating was recognized by Vroman in his studies 

on the wettability of hydrophilic and hydrophobic solids exposed to blood plasma,
85

 

concept coined as protein corona (PC) by Dawson and co-workers.
86-87

  

PC formation is a complex, dynamic, and competitive process in which the 

adsorption of proteins can be thermodynamically favored by many different 

interactions.
88

 The interfacial rearrangement of water molecules, the covalent or non-

covalent bonds, and the conformational changes in proteins or nanovector surface can 

contribute to a negative Gibbs free energy, resulting in a thermodynamically favored 

process. Thus, the overall contribution of the interactions and the mechanisms involved 

determine the total adsorption energy of the proteins, and therefore, the stability of 

nanovector-PC complex.  

The kinetic adsorption of a protein depends on its rate of association (kon) and 

dissociation (koff) to the surface. The balance between both parameters is quantified by 

the dissociation constant (Kd), which expresses the affinity of each protein for the 

nanovector surface. The most abundant proteins with higher association rates and 

mobility are adsorbed on the nanovector surface first. However, the PC evolves over 

time and, if these initially adsorbed proteins have short residence times, they are 

replaced by those with higher affinity for the surface nanovector. They might have 

slower association rates, but longer residence times, and they do not necessarily need 

to be the most abundant proteins. This adsorption-desorption phenomenon is known 

as Vroman effect.
89-92

 Thereby, two types of protein envelope can be distinguished: i) 

the hard corona, composed by tightly bound proteins, which are strongly adsorbed on 
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the nanovector surface; and ii) the soft corona, where loosely bound proteins, with less 

affinity for the surface, interact with the proteins of hard corona (see Figure 19a). The 

spatial disposition of proteins displays the hard corona on the first layer of the surface 

of nanovector, while the soft corona forms the outside layer.
93

 However, it is difficult to 

define the transition between them, even in some cases, it is considered that both 

interact directly with the surface at different binding energies.  

The description of the PC as multilayers of protein assemblies with different 

affinities for the surface is supported by recent studies,
94

 which named the distinct 

layers as foundational, assembly and binding. The proteins directly adsorbed on the 

nanoparticle surface (by nanoparticle-protein interactions) form the foundational layer, 

while the assembly or binding layers are composed by proteins that weakly interact 

with the first protein layer (through protein-protein interactions). There can be more 

than one assembly layers, being the outermost proteins (binding layer) which bind to 

cellular receptors (see Figure 19b).  

 

Figure 19. (a) Simplified scheme of the hard and soft protein corona on a nanoparticle 

surface and the adsorption-desorption phenomenon. (b) Alternative proposed 

mechanism of the structure and function of the protein corona. Reproduced from J. 

Am. Chem. Soc., 2020, 142, 8827−8836.
94

 

The interactions between the surface of nanovectors and proteins occur in the 

regions of proteins denominated domains. During the adsorption onto the surface, the 

proteins can undergo conformational changes.
95

 The protein-protein interactions in the 

soft corona can be specific, through the domains of each protein with complementary 

amino acid sequences, or non-specific, through charged or hydrophobic domains 

exposed after the conformational changes that the proteins suffer during the 

a) 

  
b) 
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adsorption. Later interactions are not biologically natural and can be considered an 

alarm by the body and trigger an immune response.  

If there is one thing that can be agreed upon, it is that PC is not universal, but 

depends on many parameters. Also, the relative proportion of the different proteins in 

the protein corona does not always correspond to their relative abundance in the 

plasma. Many articles and reviews have been devoted to the study of the PC 

identification, the parameters that influence PC formation, and the effect of the protein 

coating in the physiological response.
88,96-100

 

The principal aspects that have an influence in the PC composition can be 

summarized as follows: 

 Biological conditions of the physiological environment: 

The protein composition and concentration varies in each physiological 

environment (blood, interstitial fluid, cell cytoplasm, etc.).  Undoubtedly, this affects the 

protein corona formation, and, therefore, the physiological response. The PC 

surrounding the nanovector, or any biomedical agent, does not behave in the same 

way when it is directly injected in the bloodstream or in a specific tissue or organ. 

Besides, once inside the body, the nanovector can encounter more than one type of 

biological medium. This means that it is essential to consider not only the route of 

administration, but also the possible trajectory and biodistribution of the nanovector.  

Blood contains more than 3700 identified proteins competing for a site in the 

corona. Protein composition and abundance in blood varies among individuals, and 

they can be classified according to their concentration as classical plasma proteins (10
10 

to 10
6
 pg/mL), tissue leakage (10

6
 to 10

3
 pg/mL) and cytokines (10

2
 – a few pg/mL).

101
 

The classical proteins are continuously secreted by the liver or by plasma cells of the 

bone marrow, tissue leakage proteins are produced as a consequence of cell damage 

or death, and cytokines and different hormones are discontinuously secreted 

depending on the intercellular communication and metabolic needs. Albumin, 

globulins, like immunoglobulin (Igs), coagulation factors, complement proteins and 

lipoproteins constitute the majority of plasma proteins.  

Proteins are involved in different functions of the organism, acting with specific 

mechanisms that can favor or prevent the target of the nanovector. Although further 

analyses are needed to know more about proteins and their influence on PC, many 

proteins are clearly recognized as opsonins or dys-opsonins. Opsonin proteins, like 

fibrinogen, immunoglobulins and complement proteins, act as promoters of the 

immune system. Serum albumin and certain apolipoproteins are considered dys-

opsonin proteins which usually favor a longer residence time for the vector in the 

blood and avoid its elimination by macrophages. Therefore, the target of the 

nanovector is different depending on the proteins adsorbed on its surface. Although 
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many in vitro studies take into account the protein conditions of the culture medium 

(i.e., content and type of proteins) or even when using human plasma proteins, PC 

composition cannot be fully predicted in vivo.
102

 

 Physicochemical properties of nanovector: 

The synthetic entity of the biomedical agent has a strong influence on the PC 

formation. The type, size, shape, curvature and composition of the nanovector, 

together with the functionality of the groups arranged on the nanovector surface, the 

surface charge density and the hydrophobic/hydrophilic balance, have an important 

effect in the type of proteins, their arrangement onto the surface and the thickness of 

PC. Likewise, this protein coating alters these physicochemical properties from the 

nanovector point of view.
103

 For instance, PC can provide certain stability to 

nanoparticles, preventing their aggregation in an environment with a high ionic 

strength. 

The effect of size has especial importance when the dimensions of the nanovector 

and the protein are similar. Size and shape are determining factors in the curvature of 

the nanovector which, in turn, influences the protein adsorption.
104

 The curvature is 

usually associated with a suppression of the protein adsorption. This means that the 

protein adsorption on flat surfaces could not reproduce what happens on curved 

surfaces.  

The surface charge density and the hydrophobic/hydrophilic balance of the 

nanovector are two of the most decisive factors for the type of proteins which tend to 

adsorb and their affinity in the interaction.
105

 Hydrophobic and charged surfaces tend 

to adsorb more proteins than hydrophilic and neutral surfaces.
106

 Proteins with 

isoelectric points (pI) below 5.5, such as serum albumin, are preferentially adsorbed 

onto nanovectors with a net positive charge, like cationic lipoplexes. On the other 

hand, proteins with pI above 5.5, such as immunoglobulins gamma (IgGs), show more 

affinity for negatively charged surfaces. Charged surfaces can induce conformational 

changes in the protein structure, causing protein denaturation, whereas neutral 

surfaces preserve the native protein structure. 

  Nanomaterial surfaces can be functionalized appropriately to decrease protein 

adsorption or control the PC composition. For example, polyethylene glycol (PEG) 

coating has been extensively studied as an anti-opsonization strategy, or to enhance 

circulation times.
107

 However, an excess of PEG on the surface can inhibit the cellular 

uptake.
108

 It is difficult to draw categorical conclusions on this matter, and further 

studies are needed to throw some light into the effect of functionalization or coating. 

 

 



  
39 Framework 

 Incubation time or duration of exposition in the physiological environment: 

Several experiments have confirmed that the time of exposition of the nanovector in 

the physiological fluid affects the PC composition.
109-110

 The results of these 

experiments indicate that the dynamic nature of the PC must be considered in 

biomedical applications.  

Proteins are continually adsorbing and desorbing onto the nanovector surface. This 

temporal evolution of PC composition depends on the protein abundance, their 

diffusion, the adsorption/desorption rate and their residence times and affinities for the 

nanovector surface. Hard corona is formed in seconds while the soft corona can build 

on a timescale from minutes to hours. In fact, it is possible that the overall PC never 

achieves an equilibrium composition on a biologically-relevant timescale. Proteins of 

the hard corona present long exchange times, on the order of hours, whereas proteins 

of the soft corona have shorter exchange times. Normally, serum albumin, IgGs and 

fibrinogen are adsorbed in the first stage, replaced by apolipoproteins and coagulation 

factors later in the process.
111-112

 

Short incubation times could appropriately reproduce the nanovector-PC 

interactions found after local treatment into tumors, whereas longer incubation times 

would do so after their systemic administration.  

 Temperature: 

Despite of the temperature significantly affects the PC formation is one of the least 

studied factors during PC experiments. The few studies focused on the effect of 

temperature during the formation of the PC confirmed that temperature is a crucial 

parameter which not also affects the PC composition but also the coverage density.
113-

114
 Slight variations in the body temperature caused by the human circadian rhythm, 

can alter the PC formation and affect the cellular entrance of the nanovector, their 

distribution and toxicity.
115

 Other studies used changes in temperature to inactivate the 

adsorption of certain heat-labile proteins, like complement proteins and clusterin.
116

 

Protein structures are altered due to the temperature and, once denatured, their 

binding affinity to the nanoparticle surfaces drastically decreases. 

Accordingly, cellular uptake of the biomedical agent could be maximized taking into 

account the mean human body temperature (35-38 °C), the small temperature 

variations and the effect on PC formation. Conversely, another possible strategy would 

be based on adjusting the cell or organ temperature to control the composition of the 

PC.  

Once the main aspects that influences the PC composition have been listed, it must 

be considered how these protein affect the physiological response, since what cells 

really “see” and recognize is this protein envelope.
117

 Hence, it is important to 
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determine the protein profile that surrounds the nanovector, its new “biological 

identity”.
118

 The nature of this corona reflects the trajectory of the nanovector in the 

body and can be used to predict its behavior in the physiological fluid.  

All the previously mentioned physicochemical properties of nanovectors are altered 

by the PC, which can influence the ability of the nanovector to compact the NAs. 

Pharmacokinetics of the nanovector, such as its ability to reach the cellular target, its 

stability in the bloodstream (i.e., lifetime), its diffusion, its cellular uptake, its kinetic of 

release, accumulation and toxicity, are modified by the PC.
119-120

  

The PC can have positive or negative biological consequences for biomedical 

applications. On the one hand, PC can favor the therapeutic nanovector achieving its 

cellular target, enhance its cellular uptake and/or decrease its cytotoxicity. On the other 

hand, the proteins adsorbed can control the access of the nanovector to specific 

compartments, cause its early elimination from the bloodstream (by the MPS), and 

promote undesirable inflammation reactions, thrombosis, and anaphylaxis.
121

 As briefly 

mentioned above, the type of proteins adsorbed determines the biological 

consequences (opsonins vs. dys-opsonins).  

Initial strategies attempted to avoid the PC formation, as it alters the diffusion of the 

nanovector in the bloodstream, worsening its circulation time and/or triggering an 

immune response. However, an alternative approach can be explored. As more 

information is available about the influence of the new biological identity on the 

physiological response, the efforts are being drifted towards what is known as a 

predesigned hard corona (see Figure 20). That is, to modify the synthesis of the 

nanovector in order to control the interactions of certain proteins that stimulate a 

favorable biological response, improve the nanovector biodistribution and/or be the 

key to interact with the cell membrane. 

 

Figure 20. Relationship of different factors that connect the synthetic identity of 

biomedical agents with the biological identity formed with the PC and its physiological 

response. Reproduced from Chem. Soc. Rev., 2012, 41, 2780–2799.
97
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The hard corona has more influence than soft corona in the biological response due 

to this recovering being maintained during biological events, like endocytosis,
122

 and 

certain plasma proteins being involved in cellular recognition and uptake. In addition, 

PC can induce changes in the inner structures of nanovectors, including a cubic 

reshaping which favors the fusogenicity with the cell membrane and the NAs release 

during the endosomal escape.
123

 

Many questions remain unanswered on the overall influence of proteins in PC, or if 

only a subset has an impact on the physiological response. Therefore, it is necessary to 

continue exploring these systems, a guide to synthesize vectors to control nanovector-

PC interactions, and, ultimately, nanovector-PC-cell membrane interactions. The hard 

corona predesign can facilitate the cellular uptake, the last extracellular barrier, and 

ensure the entry of the nanovector into the target cell.  

1.7. Endosomal Escape and Vector Unpacking 

NAs can access the cytoplasm of the cell upon disruption of its membrane by one of 

the physical methods mentioned in Section 1.4 (see Figure 9). However, vector-assisted 

methods have to cross this extracellular barrier, usually by endocytosis. The maturation 

of early endosomes into late endosomes is a process mediated by intraluminal 

acidification. Subsequently, the late endosomes undergo degradation by fusion with 

lysosomes (see Figure 21). Thus, nanovectors must escape the endosomal confinement 

before the enzymatic degradation of the NAs takes place.  

 

Figure 21. Schematic illustration of intraluminal acidification during the maturation 

from early to late endosomes. Reproduced from Nano Today 2014, 9, 344-364.
124

 

Unlike the viral vectors, non-viral nanovehicles are relatively less efficient in the 

process of endosomal escape.
125-126

 An inadequate endosomal escape or the absence 

of this process directly result in poor gene transfection or gene knockdown efficiency. 
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Despite all the research efforts so far, endosomal escape remains a critical bottleneck 

for non-viral vector transfection efficiency. Another crucial step is the unpacking 

process (release of genes) before the interaction of NAs with the appropriate 

intracellular compartment. An early dissociation or an over-efficient complexation may 

block the gene transfection or gene knockdown processes. Thus, the kinetic aspects of 

the release of NAs must be taken into consideration if NAs are still compacted in the 

vector after endosomal escape. 

In order to develop nanovectors that incorporate stimuli-responsive properties and 

are able to release NAs into target cells or tissues, it is essential to understand the 

possible endosomal escape pathways.
21,127

 These have been summarized in different 

review articles.
124,128-129

 The specific mechanism depends on the characteristics of the 

nanovector, and can be induced through different approaches: the use of cell-

penetrating peptides, proton sponge effect, flip-flop phenomenon, pore formation or 

membrane fusion.  

Cationic charges and fusogenic peptides destabilize the endosomal membrane, and 

this destabilization can produce pores and the bursting of endosomes for NAs release. 

Positively charged lipids induce the flip-flop phenomenon, in which negatively charged 

phospholipids from the inner lipidic layer diffuse transversely to the endosomal outer 

face (see Figure 22). This charge-neutralized ion pair causes the formation of non-

lamellar phases, local perturbations and the subsequent membrane destabilization.  

 

Figure 22. Scheme of flip-flop phenomenon to endosomal escape on cationic lipids. 

Reproduced from J. Nanosci. Nanotechnol. 2014, 14, 460-474.
129
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The proton sponge effect has also been widely described as an endosomal escape 

mechanism for polymers or cationic lipids. It requires an excess of uncharged 

protonable amine groups with high buffering capacity that prevent the endosome 

acidification. To maintain the appropriate pH, V-type ATPase must transport more 

protons into the lumen, which is associated with an influx of Cl⁻ counterions. The 

increase of the ionic concentration generates a flow of water molecules from the 

cytosol that increases the osmotic pressure, which leads to endosome swelling and 

membrane disruption, and ultimately, the release of the complex into the cytoplasm. 

Imidazole rings (e.g., in histidine amino acid) or poly(amino amine) polymers induce the 

proton sponge effect. Apart from the pH change that occurs in the endosomes, 

pathological tissues present particular pH profiles, for example, in a tumor mass, the 

pH is lower than in a normal tissue.
130

 

Despite well established and widely accepted, the classical lipid mixing mechanism, 

or flip flop, and the proton sponge effect have been challenged in recent years and 

accused of lack of evidence. Alternative mechanisms have been proposed in which NAs 

are released passively through the formation of transient pores without complete 

disruption of the endosome.
26,131

 

Gene nanovectors can be also designed to respond at an intracellular stimulus as 

the changes in the redox conditions at the different status.
127,132-133

 There is a high 

redox potential difference (∼100–1000 fold) between the reducing intracellular medium 

and the oxidizing extracellular medium. This is caused by the high intracellular 

concentration of thiol groups present in glutathione (GSH), free cysteines and 

homocysteines. Hence, disulfide bonds formed by thiol groups in an oxidative 

environment are cleaved in the reductive environment of cells, which destabilize the 

nanovector and induce the NAs release. 

Last but not least, temperature is an internal physiological parameter that can be 

externally modulated by light irradiation, for example by a laser. Laser beams can be 

spatially and temporally controlled by wavelength, pulse number and duration, 

radiation energy and spatial localization, in order to improve the cell transfection. 

Light-sensitive nanovectors have gained much attention in the last years.
134-135

 In the 

case of lipid nanovectors it is also known that with an increase of temperature lipids 

undergo phase transitions to structures which are highly leaky to small water-soluble 

molecules. Photosensitive lipids or molecular dyes have been used to trigger the NAs 

release,
127

 however, the advent of nanomaterials has been a revolution in the design of 

release strategies.
134,136-137

 More specifically, the plasmonic properties of metallic 

nanoparticles have attracted much interest in biomedicine and, in particular, gene 

therapy to a light-induce transfection. 
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1.8. Release of Nucleic Acids Assisted by Gold Nanoparticles  

Plasmonic NPs have been extensively investigated in the last decades due to their 

fascinating optical properties. They are used in a wide variety of fields and applications 

such as solar cells,
138

 catalysis,
139

 biological imaging,
140

 biosensors,
141-142

 and surface 

enhanced Raman scattering (SERS),
143-144

 among others. 

Metal atoms share valence electrons that are strongly delocalized in an electron 

cloud that behaves like a plasma. These electrons oscillate collectively in a background 

of positively charged atom cores at a given frequency. Hence the name plasmon to 

describe a quantum associated with a plasma oscillation. If the excitation frequency 

from the applied external field is greater than the frequency of the electron plasma, the 

electrons displace from the positively charged atom cores. This generates positively 

and negatively charged regions that induce charge oscillations, known as plasmon 

polaritons.
145

 At this stage, the effects of the boundary conditions and surface 

geometry become relevant. At the nanoscale, these oscillations are confined, 

generating surface charge density waves that can couple with the small momentum of 

light. Hence, when a NP is irradiated with an electromagnetic wave, the electron cloud 

is polarized. As a result, the curved surface of the NP induces a restoring force on the 

oscillating electron cloud, generating the so-called Localized Surface Plasmon 

Resonance (LSPR)
145-146

 (see Figure 23). 

 

Figure 23. Schematic representation of the LSPR induced by incident electromagnetic 

radiation. Reproduced from Angew. Chem. Int. Ed., 2013, 52, 13910-13940.
147

  

LSPR can also be understood as the formation of a dipole induced by the 

polarization of the electron cloud, where the electrons oscillate collectively in 

resonance with the incident electromagnetic energy. This increase of the electric field 

at the metal interface decays exponentially with the distance until disappears at 

distance comparable to the NP radius. During the interaction between the nanoparticle 

and the electromagnetic radiation, NPs can absorb or scatter light. When particles 

absorb light, the energy is transferred into vibrations of the lattice, a process capable of 

generating heat. Moreover, part of the incoming light is re-radiated at the same 
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wavelength in all directions, a process known as scattering. The sum of the absorption 

and scattering cross sections is the extinction cross section, or simply optical 

extinction.
148-149

 

The optical extinction reaches its maximum at the plasmon resonance frequency, 

which normally lies in the visible spectral range. Such resonance frequency is strongly 

dependent on different factors, such as the dielectric function of the metal, the 

morphology of the NPs, their mutual interactions governed by interparticle distance 

and their relative orientation in the case of anisotropic particles. With lower influence, 

the LSPR is also affected by the dielectric constant of the environment.   

Although other metals can be used to generate plasmonic nanoparticles, AuNPs are 

widely used in biomedical applications due to their high stability and high conductivity. 

One of the most interesting aspects of AuNPs is the possibility of modifying the LSPR 

by tuning their shape and size. This can be achieved through physical methods, like 

lithography, or colloid chemistry-based synthesis methods, being the latter the most 

common approach to obtain AuNPs with controlled morphologies and sizes. Many 

works have been devoted to the synthesis of AuNPs and the control of their optical 

properties.
150-151

 The seed-mediated growth method has proven to be the most 

efficient approach to obtain uniform and monodisperse colloids, since the nucleation 

and growth steps are the spatial and temporally separated. Furthermore, its versatility 

allows to prepare a wide variety of geometries such as rods, wires, stars, cubes and 

different polyhedra.
152-155

 

For spherical AuNPs of between 5 and 50 nm in diameter, the LSPR band only 

experiences a small red-shift as the size increases (see Figure 24a). However, the 

surface light scattering effect becomes more predominant for larger AuNPs, which 

decreases the resonance efficiency. As a result, the band widens and the red shift 

becomes more obvious. AuNPs with diameters greater than 100 nm display a second 

extinction band at lower frequencies as a consequence of the quadrupole plasmonic 

resonances. 

Gold nanorods (AuNRs) deserve an especial mention because of the unique optical 

properties derived from their anisotropic nature. In this case, two modes of oscillation 

are possible, and as a result two LSPR bands are observed: the transversal LSPR (around 

520 nm) and the longitudinal LSPR (from 600 to more than 1000 nm). A small change 

in the aspect ratio (i.e., its length divided by its width) causes the longitudinal LSPR to 

undergo a noticeable shift (see Figure 24b), while the transversal LSPR is not practically 

affected. 
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Figure 24. UV-Vis spectra of AuNPs LSPR bands for (a) gold nanospheres of different 

sizes and (b) gold nanorods with different aspect ratios. Reproduced from Anal. Quim. 

2011, 107, 221-228.
156

 

More complex morphologies have been investigated to exploit the optical 

properties derived from the localization of the plasmonic electromagnetic fields. For 

instance, gold nanostars (AuNSs) can focalize the electromagnetic field in specific 

regions on their surface, called hot spots. This is possible thanks to the narrow size and 

shape distribution of their spikes.
157-158

 The electron energy loss spectroscopy (EELS) 

mapping of a single AuNSs in Figure 25a,b shows the spatial distribution of the 

plasmon modes obtained by scanning transmission electron microscopy (STEM), and 

how the electric field is highly localized at the spikes.
157

 This intensity enhancement is 

several orders of magnitude greater than that obtained with spheres or even rods of 

similar size, which makes AuNSs one of the most plasmonic-efficient shapes based on 

gold. The spectral profile of AuNSs includes an intense band typically observed around 

650–900 nm, significantly red-shifted compared to gold nanospheres with same size, 

and a weaker band located at ca. 500–600 nm that often appears as a shoulder (see 

Figure 25c). 

a)   b)   
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Figure 25. (a,b) STEM dark-field image with the EELS intensity map calculated for a 

single AuNS. (c) Experimental (solid lines) and calculated (dashed lines) extinction 

spectra for gold nanospheres (with 46 nm of diameter) and gold nanostars (with 41 nm 

of diameter). Adapted from J. Am. Chem. Soc. 2009, 131, 4616-4618.
157

 

According to the above, the LSPR wavelengths of AuNPs can be tuned to the near-

infrared (NIR) region by morphological design. The NIR region is of great significance 

to biomedicine because NIR light penetrates deeply in biological tissues.  The shaded 

regions in Figure 26 represent the first and second biological windows, NIR I (650-950 

nm) and NIR II (1000-1350 nm).
159-161

 At these wavelengths, the effective attenuation 

coefficients of tissue components are significantly lower than that in the visible light 

range. This characteristic is useful for several applications, like in vivo imaging.  

b) a) 

c) 
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Figure 26. NIR-I and NIR-II biological windows. Reproduced from Nat. Nanotechnol. 

2009, 4, 710-711.
161

 

At this point, it is worthy to mention the potential of plasmonic photothermal 

therapy (PPTT) to induce cancer cell damage.
162

 NIR laser radiation is not harmful for 

the body, and can be converted by AuNPs into thermal energy. The local heating 

generated on the nanoparticles produces hyperthermia and can be used to kill tumor 

cells by an apoptosis process or for controlled delivery of antitumor drugs. 

In the transfection field, as mentioned in Section 1.4, plasmonic AuNPs can be 

irradiated with a laser at on-resonance and off-resonance wavelengths to generate 

bubbles by photothermal effects or by the generation of plasma. This produces a 

transient poration of cell membranes allowing the entry of the NAs. Figure 27 shows 

the steps of the AuNP-assisted laser-induced cell transfection process.  

 

Figure 27. Schematic representation of AuNP-assisted laser-induced cell transfection. 

Reproduced from Molecular Pharmaceutics 2013, 10, 4082.
34
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Gold nanoparticles can also be directly used as NA vectors by two main strategies, 

either through direct covalent bonds or via non-covalent association. In the covalent 

approach, NAs bind directly to the AuNPs surface.
163-166

 For that, NAs have to be 

functionalized with thiol groups, which display high affinity for gold through strong 

metal–ligand bonds.
167

 Small AuNPs in the range of 1–5 nm of diameter are typically 

used to transport NAs, generally of low molecular weight. These vectors efficiency 

protect the NAs against nucleases degradation
168

 and have shown high cell absorption 

capability.
169

 Also, the interactions between AuNPs and NAs do not affect the biological 

activity at the transfection or gene knockdown level.
170

  

In the other strategy, AuNPs are functionalized with molecules that interact strongly 

but reversibly with NAs. Due to the negative charge of NAs, positively charged mixed 

monolayers, dendrimers, lipids and polymers are the molecules chosen for coating the 

surface of AuNPs.
171-174

 From the point of view of gene therapy applications, this 

approach is more simple since NAs do not need a prior chemical modification and 

usually can compact NAs with higher molecular weight.
175

 The efficiency of transfection 

processes depends strongly on aspects such as the ratio of AuNPs and NAs, the 

coating on the AuNPs, and their hydrophobicity.
176

 

In any approach, the interactions between the AuNPs and NAs, or between the 

AuNPs and the anchoring molecules, can be thermally modulated upon irradiation at 

specific wavelengths. The irradiation of AuNPs at the NIR, more suitable from 

biomedical purposes as mentioned above, allows a controlled increase of the local 

temperature capable of breaking photolabile bonds and/or inducing the release of 

NAs.
177

 Furthermore, the generated heat can disrupt the intracellular barrier of the 

endosomes with the subsequence release of NAs without perturbing the cell 

membrane. Ultimately, the transfection efficiency of nanovectors can be improved by 

excitation of the plasmonic properties of AuNPs. Therefore, light can be used as 

external stimuli to control of the extra and intracellular barriers in these types of 

complexes for “on demand” light-responsive transfection.  
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2. Objectives 

This doctoral thesis aims to contribute to the study and development of lipid-type 

non-viral nanovectors for their use in gene therapy, addressing the main drawbacks 

and problems of this area from a multidisciplinary approach. More specifically, this 

work focuses on the research of lipid nanovectors to transport NAs into mammal cells 

safely and efficiently. 

NAs inserted into cells can be different depending on their mechanism of action. 

The use of pDNAs is one of the main strategies followed to treat genetic disorders 

since pDNAs are relatively easy to manipulate and can self-replicate with the cellular 

machinery of the patient. Alternatively, using siRNAs is considered a highly potent 

strategy since the pathogenic genes can be muted through RNA-induced silencing 

complex. Both approaches, gene transfection by pDNAs and gene knockdown by 

siRNAs, have been investigated in this doctoral thesis. Thus, the first objective was the 

development and characterization of lipid-based nanovectors to transport pDNAs or 

siRNAs into cells in a safe and efficient manner. Several CLs with diverse structural 

characteristics were designed, with a special interest in GCLs, although CLs with one or 

double hydrocarbon chains were also used as comparison. Some of them included 

amino acid derivatives in their polar head to improve the biocompatibility of such 

nanovectors. CLs were mixed with the corresponding helper lipid, DOPE for transfection 

by pDNAs and MOG for gene knockdown by siRNAs, to enhance the fusogenic 

properties of the vector. Also, the lipid mixtures must ensure high compaction of the 

NAs as well as their protection in biological environments.  

Traditionally, preliminary in vitro studies use pDNAs encoding for proteins with 

luminescent properties but without therapeutic effect. However, the final purpose of 

any vector is to be used as a transport agent for genes that could, for instance, encode 

for deficient proteins in charge of biological processes. Thus, the second objective of 

this doctoral thesis was the transfection of NAs with a therapeutic effect. In particular, 

lipid-based nanovectors were used for the transfection of pDNA which encodes for 

interleukin-12 (IL-12). This protein is a pro-inflammatory cytokine that acts as a bridge 

between innate and adaptive immunity. It is involved in the response against infections 

and the activation of the anti-angiogenic mechanism (among other processes) which 

makes this cytokine very attractive in biomedical applications.  

Nanovectors have to face a hostile biological environment to reach their target. It is 

well-known that the formation of a PC around the surface of nanovectors plays a 

crucial role in the organism's response. Therefore, the third objective of this doctoral 

thesis could not be other than the study of certain aspects of the complex PC. 

Specifically, the human serum proteins which showed more affinity for the surface of 

the lipid-based vectors were determined and classified. This protein profile gives 
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important information to predict the possible behavior of nanovectors in a future in 

vivo treatment as the PC has a direct influence on the physiological response. Also, 

these proteomic studies can contribute to the development of the new approach 

proposed by the scientific community: the predesign of a hard corona to favor the 

biological response, the biodistribution and/or the interaction of the nanovector with 

the cell membrane.  

The efficiency of the overall transfection processes is marked by the facility of 

vectors to overcome the biological barriers. The NAs have to be released before the 

acidification and degradation of the endosomes occur. In many cases, the nanovectors 

are inefficient at this, and novel mechanisms need to be developed to control this 

process, either by internal or external stimuli. The plasmonic properties of AuNPs can 

be used for a light-induced transfection using laser irradiation. In this doctoral thesis, 

the fourth objective was the control of pDNA release within lipid-based vectors. For 

this purpose, AuNSs were included in a GCL/DOPE mixture. Upon excitation with 

femtosecond laser irradiation, the heating of the AuNSs induces a disruption of the 

lipoplexes, and, therefore, the controlled release of NAs.  

Hence, the objectives of this work can be summarized as follows: 

 To develop and characterize lipid nanovectors for pDNA transfection and 

siRNA gene knockdown. 

 To transfect a gene with a therapeutic effect using a lipid nanovector 

complexed with pDNA. 

 To evaluate the PC that surrounds the lipid-type nanovectors in contact with 

human serum proteins and the influence on the transfection process.  

 To control the release process of NAs within lipid nanovectors using the 

plasmonic properties of AuNPs and laser irradiation. 

With these aims in mind, the overall objective was to provide a global 

understanding of the most critical aspects of the search for a nanovector suitable for 

genetic treatments, by studying some of the most relevant issues that are found during 

the trajectory of a nanovector within the organism. 
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3. Organization of the Work 

This doctoral thesis is presented in the format of published papers and comprises 

the following chapters: 1. Framework; 2. Methodological Approach; 3.-7. Results; 8. 

Overall Discussion; and 9. Conclusions.  

The present Framework section (Chapter 1) includes the state of the art, regarding 

the main benefits and drawbacks of gene non-viral lipid-based nanovectors, the 

objectives and the organization of the work.  

Chapter 2 follows with a brief summary of the techniques used during the 

development of the doctoral thesis. Details of the experimental procedures and 

protocols can be found in the Materials and Methods section of Chapters 3-7. 

The results are presented in Chapters 3 to 7 according to the order of their 

publication. The corresponding supplementary information is provided at the end of 

each chapter. Chapters 3 to 6 are devoted to the biophysical and biochemical studies 

of the different mixture of lipids proposed as possible nanovectors. For that, it was 

used two of the principal strategies of the gene therapy, the gene transfection thought 

pDNAs or the gene knockdown by siRNAs.  

Chapter 3 to 5 are dedicated to CLs that include amino acid derivatives in the polar 

head of their structure with the aim to improve their cell viability. These studies begin 

in Chapter 3 with a lysine amino acid derivative, featuring a single head and a 

hydrocarbon chain of 12 carbon atoms (LYCl). This cationic lipid, in combination with 

the zwitterionic lipid DOPE, was used for the cellular transfection of two types of 

pDNAs, one encoding for the green fluorescent protein GFP (pEGFP-C3) and other 

encoding for luciferase protein (pCMV-Luc). Prior the in vitro experiments, 

electrochemical, structural and computational studies were carried out to corroborate 

the formation of lipoplexes.  

Correspondingly, Chapter 4 addresses the study of a CL formed by an arginine 

derivative in its head and two hydrocarbon chains of 12 and 18 carbon atoms 

(C12ANHC18). This CL, in combination with the neutral lipid MOG, was used for the gene 

knockdown of the GFP that had been previously overexpressed in the cells. For this 

purpose, the lipid nanovector compacted and transported the antiGFP-siRNA. 

Previously, a wide biochemical and biophysical characterization of lipoplexes was also 

carried out, highlighting the study of the profile of proteins with higher affinity for the 

lipoplex surface.  

For the results presented in Chapter 5, additional GFP silencing studies were 

performed but, in this occasion, using a gemini-type lipid, previously investigated by 

our group, as a good candidate to transfect pDNAs. The structure of this CL includes 
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two amino acid histidine derivatives as polar heads, and two saturated chains of 16 

carbon atoms, joined by a pentadiamide group (C3(C16His)2). Electrochemical and 

structural information of lipoplexes were collected. Also, a proteomic study was carried 

out since the surrounding of certain proteins can enhance the possibilities of the 

nanovector to complete the target.  

Chapter 6 presents the transfection studies of three different but comparable GCLs. 

These GCLs have two hydrocarbon chains of 16 carbon atoms and heads with 

imidazole or ammonium groups. Three oxyethylene or one ethane group were used as 

spacers to join the twin structural blocks. These GCLs, in combination with DOPE, 

showed high viabilities and transfection efficiencies in previous studies as nanovectors 

of pEGFP-C3. For the work presented in this chapter, they were used to transfect 

pCMV-Luc, highlighting their large versatility. However, the main objective of this study 

was to transfect NAs with therapeutic effect. In particular, GCLs were used to transfect a 

pDNA that encodes for the IL-12 (pCMV-IL12). This protein has promising therapeutic 

properties due to its influence in the innate and adaptive immune response that 

confers it a striking anti-tumor action. The lipoplexes were also studied from a 

biochemical and biophysical viewpoint through electrochemical, structural and 

proteomic techniques.  

In Chapter 7, an attempt was made to control the release of NAs by formation of 

lipoplexes in the presence of AuNSs. The control of the pDNA release was performed 

using a femtosecond pulse laser. An IGCL/DOPE lipid mixture and the pEGFP-C3 were 

used to form the lipoplexes in the presence of AuNSs. The work presented in this last 

chapter of results offers a starting point for the use of the plasmonic properties of 

AuNPs in combination with lipid nanovectors for “on demand” gene transfection.  

Chapter 8 is pretended to be a brief overall vision of the results obtained in 

Chapters 3-7. It discusses the contribution of the doctoral thesis to the development of 

efficient and safer lipid-based non-viral nanovectors, as well as the effect of the PC 

formation in biological fluids, and the possibility to control NAs release using the 

optical and thermal properties of AuNPs. 

Finally, Chapter 9 summarizes the main conclusions of this doctoral thesis.  
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It is clear that basic science plays an important role in our society, not only to feed 

the scientific curiosity but also to understand the world, contributing to the 

development of different scientific areas. A great scientific advance with the 

participation of experts in diverse areas of science is only possible with small 

contributions; small steps taken day after day in laboratories around the world. 

Nowadays, we are undoubtedly experiencing a clear example of the importance of 

worldwide collaboration in science. Only the cooperation of different scientific 

disciplines has made possible the attainment of answers and solutions throughout 

history and, fortunately, in the actual COVID-19 pandemic as a paradigmatic example. 

It has also been clear that we cannot face the future with a unique plan of action; 

science must continue developing in all of their branches to offer more and better 

solutions.  

Within gene therapy, and, in particular, within the basic science behind the search of 

nanovectors, a multidisciplinary approach is necessary to address this complex field 

(see Figure 1), which can be divided into three blocks: 

 First, the synthesis of what will act as nanovectors transporting the NAs (in our 

case, lipids) is required. That is accomplished in organic chemistry laboratories. 

In order to outline the synthetic routes, having information on which are the 

structural qualities that enhance the abilities of the nanovector is essential. 

Therefore, for the design of any nanovector, the initial strategy must be agreed 

by experts on the areas mentioned below. 

 Once the nanovectors have been synthesized, an extensive characterization 

must be carried out. This work is undertaken by physical chemists, who offer 

rigorous information on the proposed nanovector with thermodynamic, 

electrochemical, structural and modeling studies. This information is useful to 

distinguish which nanovectors could be the most successful in the following 

step, the in vitro experiments. 

 Biologists and biochemists supervise the next step: the biochemical evaluation 

of the nanovector. For this purpose, different cell lines are transfected with the 

candidate nanovector. At this point, it is crucial to maintain a balance between 

having the maximum efficiency with the minimum possible cytotoxicity. If the 

in vitro experiments result satisfactory, animal models would be the next step, 

involving extensive and thorough studies prior to preclinical testing (in vivo or 

ex vivo), which can conclude with the nanovectors being used in medical 

applications. 
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Figure 1. Multidisciplinary approach of nanovector research for medical applications in 

gene therapy. 

This doctoral thesis has been performed in this multidisciplinary manner, using 

several techniques and methodologies that cover the different areas described above. 

Although the conditions of each experiment were detailed in the Material and Methods 

section of Chapters 3-7, the main techniques used can be divided into: 

a) Physicochemical techniques for electrochemical, structural and spectroscopic 

characterization. 

b) Computational methods to support and complete the experimental analysis 

about the formation of the lipoplex.  

c) Proteomic techniques to characterize the protein profile that surrounds the 

lipoplex in the presence of human serum.  

d) Biochemical techniques to evaluate the efficiency of nanovectors through the 

quantification of transfection efficiency or gene knockdown and to determine 

the viability of nanovectors in cellular environments.  

All the cationic lipids used have been synthetized by Prof. Santanu Bhattacharya 

(Indian Institute of Science), Dra. Lourdes Pérez (CSIC, Barcelona), and Prof. María Luisa 

Moyá (Universidad de Sevilla). A comprehensive physicochemical characterization of 

the lipid mixture in the absence and presence of the NAs was carried out. The 
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electrochemical characterization of lipoplexes constitutes the starting point of these 

studies, since an entropically directed electrostatic interaction is, essentially, the driving 

force of the lipoplex formation. Electrochemical characterization was carried out by 

potential and agarose gel electrophoresis. Potential was used to determine the 

effective charge of the cationic lipids and the pDNAs that both interact in the lipoplex, 

and to determine the global net charge of the lipoplex. Knowledge of this net charge is 

important since a positive value promotes the interaction with the cell membrane. 

Agarose electrophoresis was used to determine not only the compaction of NAs but 

also their protection against DNase I (a degradative enzyme) by the lipid mixture. In the 

Chapter 7, agarose gel electrophoresis was also used to prove and quantify the pDNA 

release after femtosecond pulse laser irradiation of the lipoplexes formed in presence 

of AuNSs (lipoplex-AuNS system). 

The structural characterization through dynamic light scattering (DLS), small 

angle X-ray scattering (SAXS), transmission electronic microscopy (TEM) or cryo-

transmission electronic microscopy (cryo-TEM) was essential to study different 

morphological and structural parameters. There is a strong relationship between the 

structure of lipoplexes and their biological activity, that is, their better or worse 

efficiency in gene transfection or knockdown. Thus, DLS was used to determine the size 

and polydispersity of lipoplexes. SAXS experiments, performed using the NCD11 

beamline at the ALBA Synchrotron, was fundamental to evaluate the structural pattern 

of the lipoplexes formed. The size, morphology and polydispersity of lipoplexes was 

determined from cryo-TEM micrographs, obtained at the Servei of Microscopy 

(Universidad Autónoma de Barcelona). TEM and stained TEM experiments were done at 

the Centro Nacional de Microscopía Electrónica (Universidad Complutense de Madrid) 

to study the morphology of the AuNSs or the lipoplex-AuNS system. 

Spectroscopic techniques were used to control the pDNA release in the irradiated 

lipoplex-AuNS system and to study the plasmonic properties of AuNSs. The 

femtosecond pulsed laser (Centro de Láseres Ultrarrápidos, Universidad Complutense 

de Madrid) allowed the control of pDNA release in the lipoplex-AuNS system. The 

plasmonic properties of AuNSs and their modification after femtosecond pulse laser 

irradiation were evaluated by UV-Vis-NIR spectroscopy. 

Molecular mechanics (MM) and molecular dynamics (MD) calculations have been 

performed by Prof. Francisco Mendicuti (Universidad de Alcalá) to understand the 

interactions that determine the formation of lipid bilayers, and to study the interactions 

of these bilayers with the NAs, as well as their structural details.  

The analysis of serum proteins which show preference to the surface of the lipoplex 

was carried out by nano-liquid chromatography/mass spectrometry (nanoLC-

MS/MS) at the Unidad de Proteómica (Universidad Complutense de Madrid). 
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The optimum formulations of these nanovectors were biochemically evaluated 

within several research stays at the groups of Prof. Pablo Taboada and Prof. Silvia 

Barbosa (Universidad de Santiago de Compostela) and Prof. Conchita Tros de Ilarduya 

(Universidad de Navarra). Their efficiency and biocompatibility in different animal and 

cancer cell lines such as COS-7 (African green monkey kidney), HeLa (human cervix 

adenocarcinoma) and mouse astrocytes T731 were investigated. The transfection 

efficiency of nanovectors was quantified using different techniques depending on the 

NAs used: by luminometry with pDNA encoding for luciferase (pCMV-Luc) and by 

enzyme-linked immunosorbent assay (ELISA) with pDNA encoding for IL-12 (pCMV-

IL-12). Nanovectors were also used to transfect antiGFP-siRNAs, and their efficiency in 

the gene knockdown of GFP was determined by flow cytometry (also known as 

fluorescence-activated cell sorting, FACS) or by epifluorescence microscopy. 

Cytotoxicity assays, such as alamarBlue and cell culture kit-8 (CCK-8), were performed 

to evaluate the viability of nanovectors in the different cell lines.  

Scheme 1 shows the different techniques and methodologies used in this doctoral 

thesis in order to obtain the necessary information to ascertain whether the qualities of 

the lipoplex were adequate for the development of the activity for which they have 

been proposed.  

 

Scheme 1. Techniques and methodologies used in this doctoral thesis. 
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Abstract:  

The insertion of biocompatible amino acid moieties in non-viral gene nanocarriers is 

an attractive approach that has been recently gaining interest. In this work, a cationic 

lipid, consisting of a lysine-derived moiety linked to a C12 chain (LYCl) was combined 

with a common fusogenic helper lipid (DOPE) and evaluated as a potential vehicle to 

transfect two plasmid DNAs (encoding GFP and luciferase) into COS-7 cells. A 

multidisciplinary approach has been followed: (i) biophysical characterization based on 

potential, gel electrophoresis, SAXS, and cryo-TEM; (ii) biological studies by FACS, 

luminometry, and cytotoxicity experiments; and (iii) a computational study of the 

formation of lipid bilayers and their subsequent stabilization with DNA. The results 

indicate that LYCl/DOPE nanocarriers are capable of compacting the pDNAs and 

protecting them efficiently against DNase I degradation, by forming L lyotropic liquid 

crystal phases, with an average size of ~200 nm and low polydispersity that facilitate 

the cellular uptake process. The computational results confirmed that the LYCl/DOPE 

lipid bilayers are stable and also capable of stabilizing DNA fragments via lipoplex 

formation, with dimensions consistent with experimental values. The optimum 

formulations (found at 20% of LYCl content) were able to complete the transfection 

process efficiently and with high cell viabilities, even improving the outcomes of the 

positive control Lipo2000*. 
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1. Introduction 

Therapeutic agents capable of replacing/silencing damaged DNA are one of the 

principal areas of research in the branch of medicine known as gene therapy.
1-3

 The 

development of biocompatible material-based non-viral vectors is a promising 

approach for the treatment of genetic diseases.
4-6

 The design of nanocarriers able to 

compact, protect, transport, and deliver nucleic acids into target cells with high 

efficiency and minimum toxicity is the major challenge in this scientific area.  

Numerous artificial systems formed by lipids,
7-9

 polymers,
10-12

 dendrimers,
13-14

 

carbohydrates,
15-16

 cyclodextrins,
17-18

 polypeptides,
19-20

 and nanoparticles
21-22

 (among 

others) have been studied to avoid the adverse effects produced by viral vectors in 

biological media, such as immunogenicity and inflammatory responses.
23-24

 In 

particular, cationic lipids have been investigated in detail as useful tools
25-26

 because 

they present low toxicity and are easily synthesized, as well as establish strong 

electrostatic interactions with DNA/RNA double strains through their positive charges 

affording lipoplexes. Furthermore, the nanometer size and net positive charge of these 

complexes favors their internalization across the cell membrane, allowing the delivery 

of the cargo in the cellular cytoplasm and resulting in moderate-to-high transfection 

efficacy. On the other hand, amino acids have an important role in cell life as structural 

blocks of proteins. They are considered essential in metabolic processes and as 

regulators of gene expression. In fact, they can form gene carriers alone, such as 

peptide-based vectors 
19,27-29

 like the well-known poly-L-lysine (PLL) vector, the first 

cationic peptide ever used for the delivery of nucleic acids.
30

 The repeated lysine units 

endow this vector with superior biodegradability and low toxicity and, hence, it soon 

began to be used for in vivo applications.
31-32

 However, its poor circulatory half-life 

leads to inefficient delivery of the cargo. Since the presence of amino acid residues 

improves the biocompatibility and cationic lipids are able to establish electrostatic 

interactions with DNA, some studies have been reported on their combination to 

design and synthesize alternative candidates for plasmid DNA/small interfering RNA 

nanocarriers.
33-36

 Mono-,
37-39

 di-,
38,40-41

 tri-
38,41

 or multi-peptide
41

 cationic lipid systems 

have been used in in vitro studies for DNA delivery. In mono-histidine cationic lipids
38

 

and lysine cationic lipid assemblies,
34

 moderate-to-high transfection efficiencies have 

been achieved. Koloskova et al. reported an aliphatic lipopeptide as an efficient delivery 

and silencing gene vector.
41

 It has been already reported that gene delivery systems 

formed by amino acid-based cationic lipids are internalized by habitual endocytic 

uptake pathways. Thus, the incorporation of amino acid moieties to the head groups of 

cationic lipids does not seem to change the cellular uptake mechanism, but it can 

improve the intracellular delivery.
33,42-45

 

In previous studies, we have also demonstrated the advantages of using gene 

carriers based on amino acid components within a gemini-type lipid.
46-47

 Generally 
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speaking, those works have demonstrated that the use of this kind of molecular 

platforms is a safe option for biological studies. However, none of them included 

computational studies to understand the contribution of the amino acid residues 

placed on the cationic head group of the lipid structure toward the condensation of 

DNA and stabilization of the lipoplexes. 

In this work, we present a monovalent cationic lipid as a promising alternative to 

complex plasmid DNA. To improve its biocompatibility, a lysine-derived residue was 

introduced in the cationic head. Thus, mixtures of this single-chain cationic lipid, (S)-5-

acetamido-6-(dodecylamino)-N,N,N-trimethyl-6-oxohexan-1-ammonium chloride 

(LYCl), and a well-known fusogenic helper lipid, 1,2-dioleoyl-sn-glycero-3-phosphatidyl 

ethanol amine (DOPE), were used to compact, protect, and transfect two different 

plasmid DNAs: those encoding the green fluorescent protein GFP (pEGFP-C3) and 

luciferase (pCMV-Luc). Our approach is based on complementary experimental and 

computational studies that provide a global vision of these systems. Accordingly, 

compaction of the plasmids was evaluated by potential analysis and agarose gel 

electrophoresis. Structural characterization was performed by small-angle X-ray 

scattering (SAXS) and cryo-transmission electronic microscopy (cryo-TEM). Molecular 

mechanics (MM) and molecular dynamics (MD) calculations supported the formation 

and stability of complexes formed by a mixture of lipids and DNA. Biological 

experiments with the COS-7 cell line were performed to demonstrate the versatility, 

efficacy, and safety of the present vector. To confirm the delivery of nucleic acids into 

the cellular cytoplasm, transfection efficiency studies were carried out by fluorescence 

assisted cell sorting (FACS) and luminometry. The biocompatibility of the nanocarrier 

reported in this work was further assessed by cell viability assays. Another important 

aspect related to plasmid protection against degradation in biological fluids was 

evaluated by agarose gel electrophoresis upon previous incubation of the lipoplexes in 

the presence of DNase I. The present wide experimental and computational study 

demonstrates the potential of LYCl/DOPE-pDNA lipoplexes as efficient nucleic acid 

nanocarriers for future in vivo applications. 

2. Materials and Methods 

2.1. Materials 

The lysine-derived surfactant (S)-5-acetamido-6-(dodecylamino)-N,N,N-trimethyl-6-

oxohexan-1-ammonium chloride, LYCl (Figure 1), has been previously reported. The 

details of this synthesis and wide physicochemical characterization in aqueous solution 

have been published elsewhere.
48
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Figure 1. Molecular structure of the amino acid-based cationic lipid LYCl. 

Zwitterionic lipid 1,2-dioleoyl-sn-glycero-3-phosphatidyl ethanol amine (DOPE) was 

purchased with the highest purity from Avanti Polar Lipids, Inc., (Alabaster, AL, USA). 

The sodium salt of calf thymus DNA (ctDNA), as provided by Sigma-Aldrich (St. Louis, 

MO, USA), was used as linear DNA to determine the effective charge of the cationic 

lipid (LYCl). Plasmid DNA pEGFP-C3 (4700 bp) encoding GFP was extracted from 

competent Escherichia coli bacteria previously transformed with pEGFP-C3. The 

extraction was carried out using a GenElute HP Select Plasmid Gigaprep Kit (Sigma 

Aldrich). Plasmid DNA pCMV-Luc VR1216 (6934 bp) encoding luciferase (Clontech, Palo 

Alto, USA) was amplified in E. coli and isolated and purified using a Qiagen Plasmid 

Giga Kit (Qiagen GMBH, Hilden, Germany). All the reagents and solvents were of the 

highest grade commercially available and used without further purification. 

2.2. Preparation of Lipoplexes 

Lipid mixtures were prepared by dissolving appropriate amounts of cationic LYCl 

and zwitterionic DOPE to fit the selected molar fractions of the cationic lipid () 

following a procedure previously described.
49-50

 Lipoplexes were finally prepared by 

mixing appropriate amounts of the pDNAs and mixed lipid suspensions. The optimum 

pDNA concentrations were chosen for each experimental technique, as follows: 0.1 

mg/mL for zeta potential, 0.1 mg/mL for gel electrophoresis experiments, 1 mg/mL for 

cryo-TEM, 200 µg/capillary (~5 mg/mL) for SAXS, and 1 µg/well (1 µg/mL) for 

biological studies. 

2.3. Potential and Particle Size 

The electrophoretic mobility, from which the potential of the nanoaggregates was 

determined, was measured by a phase analysis light scattering technique (Zeta PALS, 

Brookhaven Instruments Corp., Holtsville, USA). On the other hand, the particle size was 

determined using a particle analyzer (Zeta Nano Series; Malvern Instruments, 
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Barcelona, Spain). The experimental conditions and preparation of the samples have 

been described in detail elsewhere.
50

 The experiments were planned at different molar 

fractions () of the cationic lipid in the LYCl/DOPE mixtures by measuring the 

electrophoretic mobility and particle size as a function of the total mixed lipid/DNA 

mass ratio ((mL
+
 + mL

0
)/mDNA). Each potential and particle size data point represent 

the average of 50 and 30 independent measurements, respectively. 

2.4. Gel Electrophoresis 

DNA Compaction Assay 

To analyze the pDNA compaction by the LYCl/DOPE mixed lipids, agarose gel 

electrophoresis experiments were carried out using a Gel Doc XR instrument (Bio-Rad). 

Details of the experimental conditions were reported previously.
51

 

DNA Protection Assay 

Following a procedure described elsewhere,
51

 a Gel Doc XR instrument (Bio-Rad) 

was also used for gel electrophoresis experiments to evaluate the pDNA protection 

upon previous incubation of LYCl/DOPE-pDNA lipoplexes in DNase media. Untreated 

DNA was used as a control to evaluate the integrity of the plasmid at each 

composition. 

2.5. Small Angle X-Ray Scattering 

SAXS diffractograms were registered at the ALBA Synchrotron (Barcelona, Spain, 

beamline BL11) following an experimental procedure reported elsewhere.
52

 A Quantum 

210r CCD detector was used to detect the scattered X-rays, which were further 

converted into one-dimensional scattering by radial averaging, and plotted as a 

function of the momentum transfer vector (q). SAXS experiments were performed for 

LYCl/DOPE-pDNA lipoplexes at different effective charge ratios (eff) of the lipoplexes 

and at several cationic lipid compositions of the mixed lipids (). 

2.6. Cryo-TEM 

According to the standard protocol,
53-55

 micrographs of LYCl/DOPE-pDNA 

lipoplexes were obtained at different effective charge ratios (eff) of the lipoplexes and 
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at two cationic lipid compositions of the mixed lipids (). For that purpose, a Jeol JEM 

2011 microscope was operated at 200 kV under low-dose conditions and with different 

degrees of defocus (500–700 nm). The Digital Micrograph software was used to 

process and analyze the CCD images of the LYCl/DOPE-pDNA lipoplexes. 

2.7. Cell Culture 

African green monkey kidney (COS-7) cells (American Type Collection, Rockville, 

USA) were maintained at 37 °C under 5% CO2 in complete medium. 

2.8. In Vitro Transfection Efficiency 

The transfection efficiency of LYCl/DOPE-pDNA lipoplexes was evaluated by two 

methods, luminometry (pDNA encoding luciferase) and FACS (pDNA encoding GFP) 48 

h after transfecting 1 µg of pDNA/well. In both cases, 48 well-plates are used for 

seeding 100,000 cells/well. The measurements were carried out in triplicate from three 

independent cultures and using Lipofectamine 2000 (Lipo2000*) as a positive control. 

Conditions: 1.5 µL of Lipo2000*/µg of DNA. 

Luminometry 

The luciferase activity was determined using the luciferase assay reagent (Promega) 

and a luminometer (Sirius-2, Berthold Detection Systems, Innogenetics, Diagnóstica y 

Terapéutica, Barcelona, Spain), following the procedure and experimental conditions 

previously described.
52

 The protein content was measured using the DC protein assay 

reagent (Bio-Rad, Hercules, CA, USA), from which the data were obtained in RLU/mg 

protein and converted to ng of luciferase/mg of protein using a standard calibration 

curve. 

FACS 

FACS analysis was performed using a Calibur 345 flow cytometer and the BD 

CellQuestTM Pro software. Details of the process and apparatus are provided 

elsewhere.
52

 Using the FlowJo LLC data software, the transfection efficiency was 

determined from the percentage of GFP cells observed (% GFP) and the average of 

fluorescence intensity per cell (mean fluorescence intensity, MFI). 
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2.9. Cell Viability 

The cytotoxicity of the lipoplexes was evaluated by the alamarBlue assay 48 h after 

transfecting 1 µg of pDNA/well in 48 well-plates, as previously reported.
51-52

 The 

absorbance values of treated and untreated cells at 570 and 600 nm are related 

through the expression: (A570 – A600)treated cells × 100 / (A570 – A600)control cells, from which 

the percentage of cell viability was determined. Each sample was measured in three 

independent wells and Lipo2000* was used as the positive control. Conditions: 1.5 µL 

of Lipo2000*/µg of DNA. 

2.10. Computational Studies 

Molecular mechanics (MM) and Molecular dynamics (MD) calculations were 

performed to study the stability and forces responsible for the formation of lipid 

bilayers at two different compositions of LYCl and DOPE, which were built step by step 

by adding the different LYCl and DOPE units, as described in the Supporting 

Information (SI). The interaction of these lipid bilayers with two β-DNA helical 

fragments in a periodic box of explicit water is also described in this work. For the 

calculations, Sybyl X-2.0 and Tripos Force Field
56

 were used. The charges of the DNA 

fragments (consisting of twelve nucleotides with CGCGAATTCGCG sequence in a 

composition similar to that of DNA calf-thymus), neutral DOPE, and the cationic LYCl 

lipid were determined by the Gasteiger and Marsili method.
57-58

 Water solvation was 

performed using the Molecular Silverware algorithm (MS) and periodic boundary 

conditions (PBC) were also used.
59

 A relative permittivity of ε = 1 was employed for 

electrostatic contributions in the presence of water. The non-bonded cut-off distances 

for MM, as well as for MD, were set at 12 Å. Optimizations were carried out by a 

simplex algorithm, and the conjugate gradient was used as the termination method 

with gradients of 1.5 Kcal/mol Å for the MM calculations.
60-61

 Procedures and protocols 

for the 1 ns Molecular Dynamics trajectories on lipid bilayers/DNA lipoplexes were also 

described in the SI. 

3. Results and Discussion 

3.1. Electrochemical and Structural Characterization of 

LYCl/DOPE-pDNA Lipoplexes 

In the field of cationic lipofection, the design and synthesis of lipid-based vectors 

capable of compacting and protecting plasmid DNAs by forming positively charged 
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lipoplexes able to cross the negatively charged cellular membrane is of utmost 

importance, as well as the safe and efficient delivery of genetic material inside the 

cytoplasm. Therefore, the starting point of all lipofection studies should be the 

determination of the effective charges of both members of the lipoplex (lipid vector 

and plasmid), which do not necessarily have to be equal to the nominal ones, as 

demonstrated by us in previous works.
50,62

 For that purpose, we have reported a 

protocol (fully described elsewhere
46,49,63

 and summarized in the SI) based on a wide 

electrochemical study that uses both potential and agarose gel electrophoresis 

experiments to determine the electroneutrality conditions of lipoplexes (m
L
/mDNA)

ϕ
 

and, subsequently, the effective charges of both the cationic lipid (q
eff,LYCl
+ ) and pDNA 

(q
eff, DNA

-
).  

Figure 2a shows both studies (the potential curves in the main figure and agarose 

gel electrophoresis in the inset) for the LYCl/DOPE-pDNA lipoplexes studied in this 

work at different LYCl molar compositions. The potential data plotted against the 

(mL/mDNA)
ϕ

=(mL
+ + m

L
0)/mDNA mass ratios (where mL

+ , m
L
0 , and mDNA are the mass of 

the LYCl cationic lipid, DOPE helper lipid, and plasmid DNA, respectively) display the 

typical sigmoidal profile, where charge inversion can be observed at specific 

(m
L
/mDNA)

ϕ
values corresponding to the electroneutrality ratios (see Table S1 in the SI). 

From these ratios and using the procedure described above, the following effective 

charges were calculated as (q
eff,LYCl
+ = + 0.45 ± 0.05) and q

eff, DNA

-
= - 0.24 ± 0.05 (see 

Table S2 in the SI). These results indicate that both the cationic lipid and plasmid show 

net positive and negative charges, respectively, that are quite different from their 

nominal ones: LYCl exhibits only ~45% of its positive nominal charge (+1), while pDNA 

displays on average only ~12% of its negative nominal charge (–2/bp). This behavior 

has also been reported for other lipoplexes,
46,52

 revealing that the supercoiled 

conformation adopted by the plasmid under physiological conditions retains a 

significant percentage of Na

 counterions associated to the phosphate groups of 

pDNA upon lipoplex formation, while the rest are expelled to the bulk contributing to a 

clear entropy gain. This factor, together with strong electrostatic interactions, is 

considered the main driving force toward lipoplex formation. On the other hand, the 

inset of Figure 2a shows the corresponding agarose gel electrophoresis experiment. 

The two fluorescent bands observed in the first lane correspond to the coiled and 

supercoiled forms of the anionic plasmid DNA, used as the control, moving towards the 

anode. Accordingly, the absence of these fluorescent bands in the other lanes indicates 

that pDNA has been efficiently compacted by the cationic nanovector, leading to 

charge inversion that subsequently induces the cationic lipoplex to remain in the 

catode, i.e., the lipoplex remains in the well of the gel where fluorescence emission of 

the intercalated probe is observed. The transition between these two electrophoretic 

patterns provides a range of mass ratios where electroneutrality is reached. As can be 

observed in the figure, pDNA is already fully compacted by LYCl/DOPE mixed lipids at 



 

 

 

84 Chapter 3 

mL/mDNA=1.9 and  = 0.5, in good agreement with the potential study reported in 

the main figure. Once the effective charges are known, the effective charge ratios (eff) 

of the LYCl/DOPE-pDNA lipoplexes can be easily determined through the relation: 

++
eff,LYCl LYCl LYCl

eff - -

eff,pDNA pDNA pDNA

q (m /M )n
= =

n q (m /M )
      (1) 

where n
+
 and n

-
 are the positive and negative charges, respectively, and MLYCl and 

MpDNA are the molecular weight of LYCl and pDNA, respectively. 

 

Figure 2. (a) Plot of the potential as a function of the mL/mDNA mass ratio of 

LYCl/DOPE-DNA lipoplexes, constituted by ctDNA at a molar composition of the 

cationic lipid in the mixed lipids of  = 0.5 (black line) and with pDNA at  = 0.2, 0.5, 

and 0.7 (red, blue, and pink lines). Inset: agarose gel electrophoresis of LYCl/DOPE-DNA 

lipoplexes at several mL/mDNA mass ratios and  = 0.5. Free pDNA (lane 1) was used as 

the control. Errors are within ± 5%. (b) Protection assays of pDNA against degradation 

by DNase I: Top, pEGFP-C3 plasmid; Bottom, pCMV-Luc plasmid. In both experiments 

(an schematic drawing has been included): lane 1, pDNA; lane 2, pDNA-DNase I; and 

lanes 3–6, LYCl/DOPE-pDNA lipoplexes at different molar compositions of the cationic 

lipid in the mixed lipids ( = 0.2 in lanes 3 and 4, and  = 0.5 in lanes 5 and 6) and at 

different effective charge ratios of the lipoplexeff = 4 in lanes 3 and 5, and eff = 10 in 

lanes 4 and 6). 

Furthermore, the cationic gene vector is required not only to compact the pDNA 

but also to efficiently protect it against the degrading action of DNase I present in the 

serum. Figure 2b show the protection assays carried out for the lipoplexes consisting of 

LYCl/DOPE mixed lipids at two molar compositions ( = 0.2 and 0.5) and two plasmids 

(pEGFP-C3 at the top and pCMV-Luc at the bottom) at two effective charge ratios (eff 

= 4 and 10). This gel electrophoresis study involved also two controls: (i) the naked 
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plasmid, loaded in the first lane, and (ii) degraded pDNA by previous digestion with 

DNase I, loaded in the second lane. Notice the characteristic fluorescent bands of 

pDNA in lane 1 and the corresponding absence of bands in the second lane. 

Consequently, the presence of DNA bands on the other lanes (3–6) evidences that the 

nanovector has adequately compacted the plasmid by forming a lipoplex thus 

preventing the action of the degrading enzyme. It is remarkable that this protection is 

efficient for both plasmids under all the studied experimental conditions ( and eff 

values). 

The structural characteristics of the lipoplexes, such as the size, polydispersity, 

structure, and morphology, are known to play as well a key role in their potential 

success as efficient gene vectors. For that reason, all these aspects were evaluated by 

Dynamic Light Scattering (DLS) measurements (coupled to the electrophoretic 

mobility-potential technique) and SAXS and cryo-TEM analyses. Table S3 in the SI 

summarizes the hydrodynamic size (Dh) and polydispersity index (PDI) values for the 

lipoplexes composed of LYCl/DOPE mixed lipids (at two different molar fractions) and 

two different pDNA plasmids (pEGFP-C3 and pCMV-Luc) at two effective charge ratios 

of the lipoplex. Sizes in the range of 150–200 nm and low PDIs, such as those reported 

here, are believed to be adequate to guarantee efficient crossing through the cell 

membrane. 

The combination of SAXS and cryo-TEM analyses has become a powerful tool to 

obtain structural information for this type of systems. These experiments were carried 

out for LYCl/DOPE-pDNA lipoplexes at different molar compositions of the mixed lipids 

() and effective charge ratios of the lipoplex (eff). Figure 3 collects the SAXS 

diffractograms (panel a), plots of intensity vs momentum transfer vector (q) and a 

selection of cryo-TEM micrographs (panels b and c) at eff = 4, as an example. Further 

SAXS data and cryo-TEM micrographs are provided in Table S4 and Figure S1. 

Indexation of the Bragg peaks in all the diffractograms provided a clear hkl sequence 

(100, 200, etc.) corresponding to the well-known Lα lyotropic crystal phase. Lα is a 

multilamellar phase, where each lamella recalls the characteristic structure of the cell 

membrane. It can be understood as a sandwich-type structure where bilayers of the 

LYCl/DOPE mixed lipid, positively charged, alternate with aqueous monolayers, where 

the anionic plasmid DNA is electrostatically compacted (see the schematic drawing in 

panel d of Figure 3). This aggregation and compaction pattern is also observed on the 

cryo-TEM micrographs shown in panels (b) and (c) of Figure 3 (and those provided in 

Figure S1). It should be noted the presence of cluster-type shapes (CT-type) as clear 

projections of these multilamellar phases.  
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Figure 3. (a) SAXS diffractograms of LYCl/DOPE-pDNA lipoplexes at an effective 

charge ratio of eff = 4 and different molar compositions (). (b, c) A selection of cryo-

TEM micrographs of LYCl/DOPE-pDNA lipoplexes at eff = 4 and molar compositions of 

the cationic lipid in the mixed lipids of (b)  = 0.2 and (c)  = 0.5. Scale bars are (b) 

200 nm and (c) 100 nm. (d) 3D scheme of the L multilamellar lyotropic liquid crystal 

phase. 

The interlamellar periodic distance (d), one of the characteristic structural 

parameters of this Lα phase (see Figure 3d), can be obtained from the q factors at 

which the Bragg peaks are found in the diffractograms d = 2πn/qn00, where n is the 

diffraction order) and, less accurately, from the cryo-TEM micrographs. From the SAXS 

data, an average value of d = 6.8 ± 0.7 nm was obtained for the LYCl/DOPE-pDNA 

lipoplexes in this work (see Table S4 the SI). This value, which is almost constant (within 

experimental uncertainty) at low-to-moderate compositions ( ≤ 0.5), is consistent with 

those previously reported
51,64

 for other lipoplexes consisting of plasmid DNA and a 

lipidic vector formed by DOPE (two C18 alkyl chains) and a cationic lipid with an alkyl 

chain of similar length. It seems that eff does not have a marked effect on d either. As 
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can be seen in the scheme reported in Figure 3d, d can be expressed as the sum of the 

thicknesses of the aqueous monolayer (dw) and lipid bilayer (dm), last one estimated 

using either Tanford’s model
65-67

 (dm ~ 4.8 nm) or from the cryo-TEM micrographs (dm 

~ 4.5 nm). Accordingly, an aqueous monolayer of dw ~2.0–2.3 nm thickness is expected 

for the LYCl/DOPE-pDNA lipoplexes, perfectly adequate to electrostatically house and 

compact pDNA. On the other hand, the broad Bragg peak observed in the middle of 

the diffractograms, indexed to pDNA–pDNA correlations, allows to determine the 

distance between pDNA supercoils in the aqueous monolayer (dpDNA = 2π/qpDNA). As 

can be seen in Table S4 in the SI, this distance does not seem to depend on neither  

nor eff at low-to-moderate LYCl contents in the lipidic mixture ( ≤ 0.5). 

Atomistic simulation methods have been widely used to study structural, dynamic, 

and biological phenomena occurring in lipid bilayers. An interesting review on these 

methods has been recently published.
68

 However, the interactions between DNA and 

mixed lipid bilayers while forming lipoplexes and their structural details, which seem to 

play crucial roles in DNA compaction and transfection processes, have been less 

studied.
69-73

 In this work, we have carried out a computational study of these 

interactions, which are proposed to proceed in two stages. Firstly, two lipid bilayers 

constituted by LYCl and DOPE at different compositions were generated (denoted 

4LYCl/9DOPEDIM and 12LYCl/9DOPEDIM) and subsequently made interact with two 

DNA fragments located at both sides of the lamellar structure. The building protocols 

for the two mixed lipid bilayers are fully described in the SI (that also includes Figures 

S2 to S16), while the formation and stabilization of the 3D lipid bilayer-DNA lipoplexes 

is summarized as follows. 

The 3D lipid bilayer previously generated was located, as shown in Figure S14 in the 

SI for 12LYCl/9DOPEDIM as an example, with its center of mass at the origin of a 

coordinate system between two symmetrically located and properly oriented DNA 

fragments. The DNAs were initially placed at distances where they barely interact with 

the lipid bilayer and then simultaneously brought closer along the major groove, in 

0.33 Å steps along the y coordinate, i.e., from y = +50 to +30 Å and from y = -50 to -30 

Å, respectively. Every structure generated was solvated (MS and PBC), optimized 

(gradient 1.5 kcal/mol Å), and analyzed. The most stable lipid bilayer/DNA2 lipoplex 

structures (MBE) generated were optimized once again (gradient 0.5 kcal/mol Å) and 

used as the starting conformations for 1 ns MD simulations in the presence of water, 

following the strategy briefly described in the SI, which is similar to that used in 

previous reports.
74-77

 

Figure 4 shows the total 3D lipid bilayer/DNA2 interaction energy and van der Waals 

and electrostatic contributions as a function of the averaged d1 and d2 distances 

between the centers of mass of the DNA fragments and the lipid bilayers 

(12LYCl/9DOPEDIM or 4LYCl/9DOPEDIM), as shown in Figure S14. The lipid 

bilayer/DNA2 total interaction energy, depicted in Figure 4, decreased with the 
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approaching DNA fragments. The largest contribution to this reduction was from 

electrostatic interactions. The van der Waals forces also decreased, becoming repulsive 

at distances smaller than ~3.0 nm. The local minima structures, denoted MD1 and MD2 

for (12LYCl/9DOPEDIM)(DNA)2 and MD3 for (4LYCl/9DOPEDIM)(DNA)2, were used to 

perform MD simulations, as stated before. Figure S15b in the SI also depicts the total 

energy and van der Waals and electrostatic non-bonded contributions, as well as the 

strain energy for DNAs and the lipid bilayer separately (see Figure S15c in the SI) as a 

function of the same averaged distances. Similarly, the total energy decreased with the 

average of the distances, to then increase at distances shorter than ⁓3.0 nm.  

 

Figure 4. (a) Total interaction energy (black), and electrostatic (red) and van der Waals 

(blue) contributions for the DNA fragments and 12LYCl/9DOPEDIM lipid bilayer vs the 

average of the d1 and d2 distances between the center of masses of DNA and 

12LYCl/9DOPEDIM (see Figure S14 in the SI). (b) Idem for the 4LYCl/9DOPEDIM 

containing lipoplex. The insets are views (from the x axis) of the MD1, MD2, and MD3 

MBE lipoplex structures obtained by MM calculations (DNA fragments in magenta). 

The main contribution to the total energy, also responsible for the system 

stabilization, arises from electrostatic forces. Van der Waals interactions, which are 

quantitatively smaller, slightly increased with the approaching DNA fragments. 

Something similar occurred for the bilayer and DNA fragment strain energies, which 

increased with the incoming DNAs and at distances smaller than 3.0 nm for both 

lipoplexes. The inset in Figure 4 illustrates the MD1 and MD2 structures for the 

(12LYCl/9DOPEDIM)(DNA)2 lipoplexes and MD3 for the (4LYCl/9DOPEDIM)(DNA)2 

lipoplex employed in the MD simulations. 

The evolution of the 3D lipid bilayerDNA interaction energies and van der Waals 

and electrostatics contributions obtained from the analysis of the MD trajectories for 

the MD1, MD2, and MD3 structures also demonstrate the stability of the lipoplexes 

(see upper panels of Figure S16 in the SI). In all studies, these interactions, which were 

initially favorable, remained as such during and at the end of the trajectories. Almost 
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100% of these interactions were due to electrostatic contributions, while van der Waals 

interactions were considerably smaller but also favorable. Stabilization, as expected, is 

more favorable for the lipoplex with the highest LYCl content. What is interesting is 

that no interaction existed or was repulsive between the DNA fragments located at the 

same distance as those in the nanocomplexes. This means that DNA fragments are only 

stabilized in the presence of cationic lipid bilayers upon forming supramolecular 

lipoplexes, in consistency with those evidences found in all the experimental studies, 

i.e., potential and agarose gel electrophoresis (Figure 2a), and cryo-TEM and SAXS 

(Figure 3). The bottom panels in Figure S16 illustrate the evolution of several distances 

depicted in Figure 5 for the lipoplexes.  

 

Figure 5. View of a lipoplex along the x axis. Several distances, calculated from the 

analysis of MD trajectories and used to analyze its structure, are shown. See the legend 

in Figure S16 for their definitions. 

The evolution indicates that the DNA fragments and 3D bilayers remain at distances 

where they favorably interact during the whole trajectory. Table 1 collects these 

distances averaged along the whole MD trajectories. As can be seen in the table, the 

periodic distance (d) and thickness of the lipid bilayer (dm) are 6.4–6.7 nm and ⁓4.5 nm, 

respectively, for the different lipoplexes studied, in close agreement with the 

experimental values, obtained from both SAXS and cryo-TEM results (see the above 

discussion and also Table S4).  Accordingly, dw is ⁓2.1 nm, also in good agreement with 

the experimental range. This agreement is especially remarkable since SAXS technique 

allows us to obtain accurately d, while dm is either estimated by cryo-TEM or with 
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Tanford´s model, while MD calculations provide us these distances independently. 

Figure 6 shows the structures of the (12LYCl/3DOPEDIM)(DNA)2 and 

(4LYCl/9DOPEDIM)(DNA)2 lipoplexes averaged over the whole trajectory. 

Table 1. Averaged values of distances shown in Figure 5 over the whole 1-ns MD 

trajectory (2000 structures). 

Distance, nm MD1 MD2 MD3 

d0 
8.8  0.2 

 
8.3  0.1 8.4  0.1 

dm 
4.6  0.3 

 
4.5  0.2 4.6  0.2 

dw 
2.0  0.1 

 
2.1  0.1 2.1  0.1 

d 
6.7  0.2 

 
6.4  0.1 6.4  0.1 

d1 
3.2  0.1 

 
2.8  0.1 2.8  0.1 

d2 
3.1  0.2 

 
3.1  0.1 3.3  0.1 

 

 

Figure 6. View of the lipoplexes averaged over the whole trajectory (ribbon mode for 

DNA): (a) (12LYCl/9DOPEDIM)(DNA)2 (denoted MD2) and (b) 

(4LYCl/9DOPEDIM)(DNA)2 (denoted MD3). 

a) b)a) b) 
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3.2. In Vitro Transfection and Cell Viability of LYCl/DOPE-pDNA 

Lipoplexes 

In biological studies, gene nanovectors are not only required to be effective but also 

safe upon transfecting cells. Thus, once all the physicochemical factors characterizing 

the formation and stabilization of the LYCl/DOPE-pDNA lipoplexes were fully analyzed, 

it was interesting to see whether they would be capable of transfecting pDNAs into 

living cells and how efficient and cell-friendly they would be in doing so. For that 

purpose, a series of in vitro experiments on COS-7 cells were carried out. Figure 7 

report the cell transfection efficiency levels of LYCl/DOPE-pDNA lipoplexes at two 

molar compositions of the cationic lipid in the mixed lipids ( = 0.2 and 0.5) and 

different effective charge ratios of the lipoplex (eff = 4 and 10). Data were collected in 

terms of: (i) expressed % GFP (percentage of cells in which GFP expression was 

observed) and MFI (mean fluorescence intensity, i.e., average intensity of fluorescence 

per cell) for plasmid pEGFP-C3 (obtained from FACS experiments), panel (a); and (ii) ng 

of luciferase/mg of protein for plasmid pCMV-Luc (obtained from luminometry 

measurements), panel (b). The experiments were performed in the presence of 10% 

serum (FBS) using Lipo2000* as the positive control. The corresponding cell viability 

responses are collected in Figure S17. 
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Figure 7. Transfection efficiency levels of LYCl/DOPE-pDNA lipoplexes in COS-7 cells at 

two molar compositions of the cationic lipid in the mixed lipids ( = 0.2 and 0.5) 

expressed (a) as % GFP (striped bars) and MFI (unstriped bars) for plasmid pEGFP-C3, 

and (b) as ng of luciferase/mg of protein for plasmid pCMV-Luc. All the experiments 

were performed with 10% serum (FBS). The yellow and pink bars correspond to 

effective charge ratios eff = 4 and 10 on the lipoplex, respectively. The gray bar 

corresponds to Lipo2000*, used here as a positive control. The data represent the 

(mean ± SD) of three wells from three independent experiments. 

The final aim of these experiments was to identify the values of  (percentage of 

LYCl and DOPE in the lipidic nanovector) and eff (charge ratio between the nanovector 

and plasmid in the lipoplex) that would afford the optimum formulations in vitro, which 
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is crucial information for future in vivo applications. From a glance to Figure 7 the 

transfection efficacy seems to depend on the plasmid to be transfected, the effective 

charge ratio of the lipoplex, and the molar fraction of the mixed lipid constituting the 

gene nanocarrier. As already reported for other lipoplexes containing pEGFP-C3 in the 

literature,
49

 the transfection efficiency is higher when the GCL/DOPE nanovector is 

composed mostly of DOPE ( = 0.2). This evidence is more pronounced in the case of 

pCMV-Luc (Figure 7b), where almost no transfection was observed at  = 0.5, 

confirming once again the important role of zwitterionic DOPE (neutral under 

experimental and/or physiological conditions) in transfection processes. In any case, it 

is interesting to notice that, the optimum lipid composition () in terms of transfection 

efficiency was found to be = 0.5 in a previous work where cationic lipids (either 

gemini or monomeric), that incorporated an aromatic entity in their structures, were 

used to transfect pEGFP-C3 plasmid to COS-7 cells.
52

 This evidence comes to reinforce 

that the effect of DOPE content in the transfection results is very dependent on the 

structure and, mostly, charge density of the cationic lipid. It is true that its fusogenic 

character implies that the best transfection performances in many CL or GCL/DOPE 

systems have been found for mixtures with predominance in DOPE (low values of ), 

but it does not mean that all systems have to follow the same pattern. The cellular 

response is very complex and it is always convenient to test several compositions ( 

values) in order to choose the best one. Furthermore, in what respects to the lipoplex 

composition, it is remarkable that both eff = 4 and 10 afforded comparable 

transfection performances when transfecting the pEGFP-C3 plasmid while, in the case 

of pCMV-Luc, it is clear that eff = 10 is a better choice.  

In any case, all the amino acid-based formulations reported herein show better 

transfection levels in COS-7 cells than those of standard positive control Lipo2000* 

under equal experimental conditions, an interesting result in terms of efficacy 

improvement of non-viral vectors for gene delivery, given that Lipo2000* is one of the 

best controls used to compare the transfection efficacy. Furthermore, the cell viability 

results reported in Figure S17 show that all the LYCl/DOPE lipidic formulations transfect 

both plasmids (pCMV-Luc and pEGFP-C3) in a safe way, with viabilities exceeding 80% 

(normally considered the threshold level for cell safety). Notice that some formulations 

even exceed 90% viability. More interestingly, such low cytotoxicity found for 

LYCl/DOPE-pDNA formulations is comparable or even slightly better than that 

obtained for the control Lipo2000*. It seems that a lysine-derived moiety linked to a 

single hydrocarbon chain leads to much better performance of mixed lipid nanovectors 

as gene nanocarriers than two lysine moieties linked to a gemini lipid scaffold. In fact, it 

was not possible to transfect cells with gemini cationic lipid C6(LL)2/DOPE-pDNA 

lipoplexes
47

 bearing two cationic lysine heads. This absence of transfection was 

attributed to the formation of ribbon structures that are known to prevent transfection. 

However, we have recently detected
46

 certain levels of transfection in COS-7 cells when 
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using a gemini cationic lipid with two histidine moieties on the heads, albeit lower than 

those reported herein. 

4. Conclusion 

The incorporation of a lysine-derived residue to a C12 alkyl chain affords a 

biocompatible cationic lipid that, when mixed with the well-known fusogenic DOPE 

lipid, forms a non-viral gene nanocarrier able to stabilize, compact, and protect two 

different kinds of plasmids (encoding GFP and luciferase) by forming supramolecular 

LYCl/DOPE-pDNA lipoplexes. These lipoplexes are well organized in a Lα lamellar 

lyotropic liquid crystal phase characterized by a sandwich-type compaction pattern, 

with alternating bilayers of LYCl/DOPE mixed lipid (~4.5 nm width) and an aqueous 

monolayer containing the pDNA and counterions (~2 nm width). It is remarkable that 

both computational MD calculations and experimental results reveal that the generated 

lipid bilayers are stable at two different compositions of the LYCl/DOPE mixture, and 

that they are also capable of stabilizing and compacting fragments of DNA, which, if 

placed alone at that distance, would not interact or would interact repulsively (mainly 

electrostatic). Stabilization, as expected, is more favorable for the lipoplex with the 

highest LYCl content. The structural parameters obtained with the computational 

studies (d, dm and dw) are in good agreement with those obtained from cryo-TEM and 

SAXS, and point (especially dw) to an efficient DNA compaction. In media containing 

living COS-7 cells, these gene nanocarriers were capable of crossing the cellular 

membrane and delivering the plasmid cargo in the cellular cytoplasm in a reasonably 

efficient and safe way. The best transfection outcomes were found when the mixed 

lipid was mostly constituted by DOPE (80% on a mole basis, i.e.,  = 0.2). The 

transfection efficiency and cytotoxicity of the LYCl/DOPE nanocarriers are comparable 

or even better than those exhibited by the usual standard Lipo2000* employed in 

lipofection protocols. All these features point to these lipid-based gene nanovectors as 

a potentially interesting option for cell transfection in vitro, although transfection 

assays with other cell lines would be necessary to confirm it unequivocally. In any case, 

the results reported herein highlight the importance of designing and synthesizing 

gene delivery systems where different types of biocompatible residues are bound to a 

lipid colloidal matrix to increase the biochemical outcome in cellular environments and, 

as the final goal, in vivo.  
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1. Determination of the Effective Charges of the Cationic 

Lipid (CL) and Plasmid DNA (pDNA) 

The composition of a mixed lipid used as gene vector is given as the molar fraction 

() of the cationic lipid, while in the case of the lipoplex, the composition may be given 

in terms of: (a) the total lipid to DNA mass ratio, expressed as (mL/mDNA)
ϕ

=(mL
+ +

m
L
0)/mDNA where mL, mL

+ , m
L
0 , and mDNA  are the mass of the total mixed lipid, CL, 

DOPE, and DNA, respectively, and (b) the effective charge ratio (eff) expressed as the 

ratio between the charges of positive CL and negative DNA phosphate groups. All 

these quantities are related by the following two equations,  

+ +

+ + 0 0

L L

L L L L

m /M
 = 

(m /M )+(m /M )
          (1) 

 + +

++
eff, L L L

eff - -

eff, DNA DNA DNA

q (m /M )n
 =  = 

n q (m /M )
            (2) 

where n
+
 and n

-
 are the number of moles of positive and negative charges of CL 

and DNA; q
eff,CL
+  and q

eff, DNA

-
 are the effective charges of CL and pDNA per bp; and ML

+ 

and MDNA are the molecular weight of the CL and pDNA per bp, respectively. There is a 

particular (mL
+ + m

L
0)/mDNA lipoplex composition where the positive and negative 

charges balance (eff = 1). This particular value, known as electroneutrality ratio 

((mL
++m

L
0)/mDNA)ϕ is characteristic of the lipoplex and marks the lower limit from 

which the lipoplex becomes a potentially cell transfecting agent, since efficient cell 

transfection needs net positively charged lipoplexes capable of crossing the negatively 

charged cell membrane.
1
 potential, related to the net charge of the lipoplex, is the 

best physicochemical property to determine this electroneutrality ratio. Figure 2 (panel 

a) of the Chapter 1 shows plots of potential vs (m
L
/mDNA)

ϕ
, at several values for the 

CL used in this work. The electroneutrality ratio of the lipoplex can be determined as 

the mL/mDNA where a sign inversion on the charge on the sigmoidal plots is 

detected. This value is related to the quantities of Eqs. (1-2) by,  

+ 0 + 0

-

DNAL L L L L

+

DNA DNA L DNA

m +m q [ M +(1- )M ]m
= =

m m q M
 

    
   

   

      (3) 

Studies reported in literature have shown that commercial linear DNA, as calf 

thymus DNA, or so on, has its negative charge totally available for the cationic lipid, i.e., 

q
linear DNA

= - 2 per base pair. But experiments reported by our group
2-5

 have 

demonstrated that, at physiological conditions, plasmid DNA remains in a supercoiled 
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conformation
6-7

 rendering a much less negative charge than its nominal one 

q
eff, DNA

-
<< - 2/bp. For that reason, the first step of any biophysical study must start with 

the determination of the effective charge of both, the cationic lipid (q
eff,CL

+
) and the 

pDNA (q
eff, DNA

-
).  

Initially, the effective charge of the CL (q
eff,CL

+
) can be determined for a certain CL 

composition (α) of the mixed lipid vector, from Eq. (3) using the (m
L
/mDNA)

ϕ
value of 

the CL/DOPE-linear DNA lipoplex experimentally measured from potential (black 

curve in Figure 1 of the Chapter 3), and assuming that q
eff, DNA

-
<< - 2/bp /bp. Once the 

effective charge of the CL (q
eff,CL

+
) has been obtained, the determination of the 

electroneutrality value (m
L
/mDNA)

ϕ
for the CL/DOPE-pDNA lipoplex containing the 

plasmid DNA in identical mixed lipid composition () (coloured curves in the Figure 1 

of the Chapter 3) permits to obtain the effective charge of pDNA (q
eff, DNA

-
) at each 

molar fraction of the mixed lipid () from rearranged Eq. (3) as follows, 

+

+ 0

+

DNA- L L
eff,DNA

DNA L L

q Mm
q =

m M +(1- )M


  
        

       (4) 

Once the effective charges of the cationic lipid and plasmid DNA are correctly 

determined, the effective charge ratio (eff) of the lipoplex at any molar fraction (α) of 

the mixed lipid may be calculated by substituting (q
eff,CL

+
) and the pDNA (q

eff, DNA

-
) in Eq. 

(2). The effective charge ratio of the lipoplex (eff) is the key to prepare lipoplexes with 

appropriate formulations to be used in biological studies, i.e., with a net positive 

charge. 

Table S1. Values of electroneutrality ratio (m
L
/mDNA)

ϕ
 for the LYCl/DOPE-DNA 

lipoplexes, at several molar compositions of the lipid mixture (.  

 0.2 0.5 0.7 

ctDNA - 8.03 - 

pDNA 3.00 1.02 0.48 

Values estimated with a 5% error. 
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2. Electrochemical and Structural Characterization 

Table S2. Nominal and effective charges of the cationic lipid (CL) and pDNA. 

 0.2 0.5 0.7 
+

 nom,CLq  - +1 - 

+

 eff,CLq  - +0.45 - 

+ +

 eff,CL  nom,CLq /q  - +0.45 - 

-

 nom,pDNAq /bp  -2 -2 -2 

-

 eff,pDNAq /bp  -0.26 -0.25 -0.19 

- -

 eff,pDNA  nom,pDNAq /q  0.13 0.13 0.10 

eff/nom 3.5 3.6 4.7 

Values estimated with a 8% error. 

Table S3. Size (Dh) and polydispersities (PDI) of LYCl/DOPE-pDNA lipoplexes at two 

effective charge ratios (eff) and at two molar compositions of the mixed lipids (). 

 eff = 4 eff = 10 

 = 0.2 Dh (nm) PDI Dh (nm) PDI 

LYCl/DOPE- 

pEGFP-C3 
173 0.07 152 0.14 

LYCl/DOPE-

pCMV-Luc 
147 0.19 163 0.15 

 = 0.5     

LYCl/DOPE- 

pEGFP-C3 
210 0.30 174 0.24 

LYCl/DOPE-

pCMV-Luc 
229 0.18 163 0.15 

Errors are less than 10%. 
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Table S4. Values of the periodic distance of the lamellar structure (d) and pDNA-pDNA 

correlation distance for LYCl/DOPE-pDNA lipoplexes at several effective charge ratios 

(eff) and molar compositions (). Values of qhkl and d are in nm
-1

 and nm, respectively. 

   

eff
qhkl or 

dhkl 
0.2 0.4 0.5 0.7 

1.5 

q100 1.0 1.0 1.0 1.1 

d100 6.5 6.5 6.0 5.7 

qpDNA 1.1 1.3 1.4 1.5 

dpDNA 5.7 4.8 4.4 4.3 

2.5 

q100 0.9 1.0 0.9 1.1 

d100 7.2 6.5 7.0 5.8 

qpDNA 1.2 1.5 1.3 1.4 

dpDNA 5.2 4.2 4.7 4.4 

4.0 

q100 0.9 0.9 0.9 1.0 

d100 7.1 7.1 7.0 6.3 

qpDNA 1.5 1.4 1.4 1.5 

dpDNA 4.3 4.5 4.4 4.1 

Values of qhkl and d are estimated with a 5% and 10% error, respectively. 

 

Figure S1. A selection of cryo-TEM micrographs of LYCl/DOPE-pDNA lipoplexes at eff 

= 4 and at molar compositions of the cationic lipid in the mixed lipids of (a)  = 0.2 

and (b)  = 0.5. 

a) 

b) 
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3. Theoretical Protocols for Building a Tridimensional 

(3D) LYCl/DOPE Bilayer 

1) Interaction of two neutral DOPE units by the hydrophobic tails. Initially two 

neutral optimized extended conformations of DOPE units were approached along the y 

coordinate. For this purpose a DOPE unit was fixed in a coordinate system, as depicted 

in Figure S2, and a second DOPE was approached step by step in 0.5 Å intervals along 

the y coordinate from y = +50  to +15 (Å) in the presence of water. Previously, the 

most favorable relative DOPE-to-DOPE orientation (torsional angle, ) for the 

approaching was estimated from the DOPE-DOPE interaction energies obtained by 

changing the lipid distance along the y coordinate and the  angle in small steps. 

Figure S2 depicts the most probable orientation for the approaching. Figure S3 shows 

results of the total binding energy and electrostatics and van der Waals contributions 

as a function of the oo’ distance obtained during the approaching of DOPE units with 

the most favorable orientation, along the y coordinate. Total binding energies were 

negative and they decreased with the distance up to reaching a MBE (minimum 

binding energy) structure. The larger contributions came from van der Waals 

interactions. Figure S3 also depicts the MBE one-dimensional dimer structure (named 

DOPEDIM). This structure, once the water molecules were removed, was employed in 

the next step. 

 

Figure S2. Coordinate system used for DOPE-DOPE approaching along the y 

coordinate. 
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Figure S3. Total binding energy (black squares) and electrostatics (red circles) and van 

der Waals (blue triangles) contributions upon DOPE-DOPE approaching along the y 

coordinate with the optimized orientation. The distance measured is between o and o’. 

Superimposed is the MBE dimer structure (named DOPEDIM) indicated by the arrow. 

2) Lateral DOPEDIM dimers interaction. Two MBE DOPE dimer structures (1 and 3) 

were approached to a third one (2), as shown in Figure S4, along the z coordinate from 

z = +15 to +5 (Å) (or z = -15 to -5 Å) in 0.25 Å intervals in the presence of water. Figure 

S5 shows the total binding energy and non-bonded contributions as a function of the 

d12 and d23 average distances obtained during the approaching of the 1 and 2 

DOPEDIM dimers with the most favorable orientations, as depicted in Figure S4. 

Binding energies were negative and they decreased with the distance up to a MBE 

(minimum binding energy) structure is reached. Figure S5 also depicts the MBE 

structure indicated by the arrow. For this structure (named 3DOPEDIM) the d12 and d23 

distances were 0.8 and 0.82 nm respectively (average distance 0.81 nm). 
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Figure S4. Coordinate system used for three DOPE dimers (DOPEDIM) which approach 

each other laterally along the z coordinate. 

 

Figure S5. Total binding energy (black squares) and electrostatics (red circles) and van 

der Waals (blue triangles) contributions upon two (1 and 3) DOPE dimer structures 

(DOPEDIM) approaching dimer 2 along the z coordinate with the optimized 

orientation. The average distance was of the d12 and d23 distances. Superimposed is the 

MBE structure (named 3DOPEDIM) indicated by the arrow. 
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3) Interaction of 4 LYCl lipid units with a DOPEDIM dimer. In a similar manner, 4 

charged (+1 esu, each) LYCl units were simultaneously approached to the DOPEDIM 

dimer as depicted in Figure S6. Such approaching was performed from z = +15 to +3 

(Å) (or z = -15 to -3 (Å) in 0.25 Å steps. Figure S7 shows the results of the total binding 

or interaction energy and non-bonded contributions as a function of the average of the 

four d1, d2 d3 and d4 distances along the z coordinate represented in Figure S6. As 

expected, total binding energies were favorable upon approaching. Van der Waals is 

the most important contribution, becoming more negative as the distances decrease, 

again reaching a MBE structure (see arrow), which is depicted in the same Figure S7. 

For this structure the d1, d2 d3 and d4 distances were 5.4, 5.2, 5.3 and 5.3 Å respectively 

(average 5.3 Å). This structure, named 4LYClDOPEDIM was used in the next step. 

 

 

Figure S6. Coordinate system used for the simultaneous approaching of four LYCl units 

to the DOPE dimer along the z coordinate. 
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Figure S7. Total binding energy (black squares) and electrostatics (red circles) and van 

der Waals (blue triangles) contributions upon two (1 to 4) LYCl units simultaneously 

approaching DOPEDIM dimer 2 along the z coordinate with the optimized orientation. 

The distance measured (along z axis) is the average of the four distances depicted in 

Figure S6. Superimposed is the MBE structure indicated by the arrow. 

4) Interaction of two DOPEDIM dimers with the 4LYClDOPEDIM complex (generated 

previously in step 3). Two DOPEDIM dimers were simultaneously approached along the 

z coordinate from the positive and negative sides to the 4LYClDOPEDIM MBE structure 

depicted in Figure S7. Such approaching was performed from z = +10 to +4 (Å) (or z = 

-10 to -4 (Å) in 0.25 Å steps, as Figure S8 shows. 

Figure S9 shows the results of the total binding or interaction energy and non-

bonded contributions as a function of the average of d1 and d2 distances along the z 

coordinate represented in Figure S8. The total binding energy is favorable except for 

the shortest distances. Van der Waals is the most important contribution, becoming 

more negative as the distance decrease. It then reaches a MBE structure, which is 

depicted in Figure S9. Electrostatics are also favorable during approaching. For this 

structure, the d1 and d2 distances were 5.7 and 5.9 Å respectively (average 5.8 Å). This 

structure, named 4LYCl3DOPEDIM, was used, in the next steps, for building a 3-

dimensional LYCl/DOPE bilayer. 

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
-200

-175

-150

-125

-100

-75

-50

-25

0

b
in

d
in

g
 e

n
e
rg

y
 (

k
J
/m

o
l)

average distance (nm)



 

 

 

112 Supporting Information 

 

Figure S8. Coordinate system used for the simultaneous approaching of two DOPEDIM 

dimers to the 4LYClDOPEDIM structure generated in step 3 along the z coordinate.  

 

Figure S9. Total binding energy (black squares) and electrostatics (red circles) and van 

der Waals (blue triangles) contributions upon the simultaneous approaching of two 

DOPEDIM dimers to the MBE structure, 4LYClDOPEDIM, along the z coordinate. The 

distance measured is the average of both d1 and d2 distances depicted in Figure S8. 

Superimposed is the MBE structure indicated by the arrow (named, 4LYCl3DOPEDIM). 
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5) Lateral interaction of two 3DOPEDIM structures with the two-dimensional 

4LYCl3DOPEDIM structure (generated previously in step 4). Two 2D 3DOPEDIM 

structures close to the MBE ones, depicted in Figure S5 (3DOPEDIM), were 

simultaneously approached along the x coordinate to the MBE two-dimensional 

4LYCl3DOPEDIM structure (see Figure S9) from the positive and negative sides, as 

depicted in Figure S10. Such approaching was performed from x = +20 to +5 (Å) (and x 

= -20 to -5 (Å) in 0.25 Å intervals. As Figure S11 shows, the total interaction energies 

were favorable upon approaching. Van der Waals is the most important contribution 

becoming more negative as decreasing the distances.  Electrostatics exhibit an energy 

barrier at distances smaller than ⁓1 nm which is mainly due to DOPE units lateral 

interaction between DOPEDIM 2D structures. At smaller distances than ⁓1 nm, the total 

energy also significantly increases (as well as the strain energy). The structure indicated 

by the arrow is the one for which van der Waals interactions are favorable and the 

electrostatics interactions begin to become repulsive. This structure is also the limit one 

for which the total energy begins to become quite large. This 3D structure, named 

4LYCl/9DOPEDIM once optimized, was one of those used to interact with DNA 

fragments as described in the Chapter 3. It is remarkable, that this structure which 

consists of approximately 18% LYCl and 82% DOPE, from a molecular point of view, 

may be considered as a fragment of a mixed lipid bilayer of similar composition to that 

used in the experiments. 

 

Figure S10. Coordinate system used for the simultaneous approaching of two 

3DOPEDIM structures along the x coordinate to the two-dimensional structure 

generated in the previous step 4, 4LYCl3DOPEDIM. 
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Figure S11. (Upper panels) Total binding energy (black squares) and electrostatics (red 

circles) and van der Waals (blue triangles) contributions upon the simultaneously 

approaching two 3DOPEDIM 2D structures to the 4LYCl3DOPEDIM MBE structure along 

the x coordinate. Interaction energies are between each 3DOPEDIM structure 1 (left) 

and 2 (right) and the central 4LYCl3DOPEDIM. The distances measured are d1 and d2, 

depicted in Figure S10. (Bottom panels) Idem for total energy (black squares) and 

electrostatics (red circles) and van der Waals (blue triangles) contributions. Two view of 

one of the most probable structures of the tree-dimensional lipidic bilayer indicated by 

the arrow (named, 4LYCl/9DOPEDIM) are depicted. 

6) Lateral interaction of two 3DOPEDIM to which 4 LYCl units were added, with the 

4LYCl3DOPEDIM structure (generated in step 4). Two 2D structures, 1 and 2 (Figure 

S12), which were built from each of a 3DOPEDIMs and 4 LYCl (placed at the optima 

distances obtained for the MBE structure), were simultaneously approached along the x 

coordinate from the positive and negative sides to the 2D 4LYCl3DOPEDIM MBE 
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structure (depicted in Figure S9). This approaching was also performed from x = +20 to 

+5 (Å) (or x = -20 to -5 (Å) in 0.25 Å steps as Figure S12 shows. As represented in 

Figure S13, the total interaction energies were favorable upon approaching. Van der 

Waals is the most important contribution, becoming more negative as the distances 

decrease. Electrostatics, however, exhibit an energy barrier due to the unfavorable 

interaction between the 1 and 2 structures and the 4LYCl3DOPEDIM one. Something 

similar, not showed, occurs with the total energy. The structure indicated by the arrow, 

at distances where van der Waals interactions are favorable and a slight minimum was 

obtained for the electrostatics interactions, is depicted in Figure S13. This 3D structure, 

named 12LYCl/9DOPEDIM, once optimized, was the other one used to interact with 

DNA fragments, as was also described in the Chapter 3. Notice that this other fragment 

of the 3D lipidic bilayer consists of near 40% cationic LYCl and 60% zwitterionic DOPE, 

which means a significant different molecular content that the previous generated 

4LYCl/9DOPEDIM bilayer. 

 

Figure S12. Coordinate system used for the simultaneous approaching of two 

3DOPEDIM 2D structures to which 4 LYCl were added (named 1 and 2), along the x 

coordinate to the 4LYCl3DOPEDIM 2D structure generated in step 4. 
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4. Formation and Stabilization of the 3D Lipid Bilayer-

DNA Lipoplexes 

 

Figure S13. Total binding energy (black squares) and electrostatics (red circles) and van 

der Waals (blue triangles) contributions upon the simultaneously approaching two 

3DOPEDIM+4LYCl 2D structures to the 4LYCl3DOPEDIM MBE structure along the x 

coordinate. Interaction energies are between each, 1 (left) and 2 (right), structure and 

the central 4LYCl3DOPEDIM unit. The distances measured are d1 and d2 depicted in 

Figure S12. Superimposed is one of the most probable structures of the 3D system 

indicated by the arrow (named, 12LYCl/9DOPEDIM). 

 

Figure S14. Coordinate system used for the two DNA fragments simultaneously 

approaching the 12LYCl/9DOPEDIM cationic bilayer by the major groove along the y 

coordinate. The coordinate axis and some “dummy” bonds are drawn in magenta. 
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Figure S15. (a) Total interaction energy (black) and electrostatics (red) and van der 

Waals (blue) contributions between DNA fragments and the 3D lipid bilayers; (b) total 

energy and contributions (same colors) and (c) strain energy (sum of bond stretching, 

angle bending and torsional energies) for 3D lipid bilayers (black) and DNA fragments 

(red).  The coordinate x corresponds to the average of d1 and d2 distances depicted in 

Figure S14. The upper panels are the results for (12LYCl/9DOPEDIM)(DNA)2 lipoplex 

and the bottom panels  for the (4LYCl/9DOPEDIM)(DNA)2 ones. 

5. Procedures for the Lipid Bilayers/DNA2 Lipoplexes 

Molecular Dynamics Simulation 

In brief: 1 ns MD trajectories were performed in in the presence of explicit water. Bonds 

where H atoms were involved were constrained from vibrating, but the rest of the 

conformational parameters were variable. MD trajectories were performed starting 

from 1 K, and the temperature was increased by 20 K intervals equilibrating the system 

at each intermediate temperature for 500 fs up to reaching the temperature of interest 

of 300K. Once at this temperature, an additional equilibration period up to 25 ps was 

used. The whole heating/equilibration period was discharged from the analysis. From 

this point, the rest of the 1 ns trajectory was simulated at 2 fs integration time steps. 

The velocities were rescaled at 10 fs intervals. Structures obtained from the analysis of 

MD trajectories were saved every 500 fs, yielding 2000 images for subsequent analysis. 

The averages of any property obtained from the MD trajectory analysis was calculated 

by equally weighing each image. To maintain a regular helical structure for the pair of 

DNA chains avoiding the unwinding of the end portions of the short DNA helix 
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fragments during MD, N…HN hydrogen bond distances for each pair of DNA pair of 

complementary bases were constrained to keep them constant. Then, a harmonic 

penalty function was added to the force field equation for those atoms which were 

involved in the constraint. This energy function was written as E = k (r-ri)
2
, where k = 

200 kcal/molÅ
2
, ri and r are the initial distance and the variable distance during the MD 

trajectory, respectively. 

 

Figure S16. (Upper panels) Histories of the total interaction energy (black) and 

electrostatics (red) and van der Waals contributions (blue) between (DNA)2 fragments 

and lipid bilayers, obtained from the analysis of the 1 ns MD trajectories in the 

presence of water on the optimized MD1 and  MD2 structures for 

(12LYCl/9DOPEDIM)(DNA)2 lipoplex and MD3 for (4LYCl/9DOPEDIM)(DNA)2 one. The 

average of these structures along the whole trajectory is depicted in Figure 4 of 

Chapter 3. (Bottom panels) Histories for several distances (see Figure 5 of Chapter 3) 

obtained from the analysis of MD simulations. These distances are defined as: d0 is 

measured as the distance (along the y coordinate) between the center of mass of 

oxygen atoms bounded to P atoms of phosphate units 4 and 8’ of  DNA1 fragment and 

the center of mass of oxygen atoms for the same phosphate units of the opposite 

DNA2 fragment; dm is measured as the distance (along the y coordinate) of center of 

mass of N atoms located at one side and the center of mass of N atoms located at the 

other side of DOPEDIMER units of the bilayer;  dw is calculated as the distance (along 

the y coordinate) of center of mass of oxygens bounded to P atoms of 4 and 8’ 

phosphate units and the center of mass of oxygen atoms bounded to P atoms of 8 and 

4’ phosphate units of each DNA fragment (for each structure the value is the average 

for both DNA units); d (periodic distance) is measured as the distance (along the y 

coordinate) between the center of mass of N terminal atoms located at one side of the 

0.0 0.2 0.4 0.6 0.8 1.0
-19

-18

-17

-16

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

in
te

ra
c
ti
o
n
 e

n
e
rg

y
 (

M
J
/m

o
l)

time (ns)

0.0 0.2 0.4 0.6 0.8 1.0

2

4

6

8

10

d
2

d
1

d
0

d
w

d
m

d

d
is

ta
n
c
e
s
 (

n
m

)

time (ns)

0.0 0.2 0.4 0.6 0.8 1.0
-19

-18

-17

-16

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

time (ns)

In
te

ra
c
ti
o
n
 e

n
e
rg

y
 (

M
J
/m

o
l)

0.0 0.2 0.4 0.6 0.8 1.0

-8

-7

-6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

in
te

ra
c
ti
o
n
 e

n
e
rg

y
 (

M
J
/m

o
l)

time (ns)

0.0 0.2 0.4 0.6 0.8 1.0

2

4

6

8

10

d
2

d
1

d
0

d
w

d

d
m

d
is

ta
n

c
e

s
 (

n
m

)

time (ns)

0.0 0.2 0.4 0.6 0.8 1.0

2

4

6

8

10

d
1

d
2

d
0

d
w

d
m

 

d
is

ta
n
c
e
s
 (

n
m

)

time (ns)

d

MD1                                                         MD2                                                        MD3



 
119 

A Non-viral Plasmid DNA Delivery System Consisting on a Lysine-Derived Cationic 

Lipid Mixed with a Fusogenic Lipid 

DOPEDIMER units of the bilayer and center of mass of oxygens bounded to P atoms of 

phosphate units 4 and 8’ for the farthest DNA unit (for each structure the value is the 

average for both d distances); d1 and d2 are the distances (along the y coordinate) 

between the center of mass of each DNA fragments and the origin of the coordinate 

system. 

6. In vitro Studies 
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Figure S17. Cell viability of COS-7 cells in the presence of LYCl/DOPE-pDNA lipoplexes 

at two molar compositions of the cationic lipid in the mixed lipids ( = 0.2 and 0.5). The 

plasmids used were (a) pEGFP-C3 and (b) pCMV-Luc. The results were normalized to 

those obtained for untreated cells (100%). All the experiments were performed with 

10% serum (FBS). The yellow and pink bars correspond to effective charge ratios eff = 

4 and 10 on the lipoplex, respectively. The gray bar corresponds to Lipo2000*, used 

here as a positive control. The data represent the (mean ± SD) of three wells from three 

independent experiments. 
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Abstract:  

Despite the use of small interfering RNAs (siRNAs) as therapeutic agents through 

the knockdown expresion of pathogenic proteins, transportation and delivery of such 

siRNAs into cells continue to be under investigation. Within non-viral vectors, cationic 

lipids that include amino acid residues in their structures, and that have already 

demonstrated their suitability as plasmid DNA nanocarriers, may be also considered as 

potential siRNA vehicles. A double-chain cationic lipid based on the amino acid 

arginine mixed with a helper lipid has been the object of this biophysical study. First, 

potential measurements and agarose gel electrophoresis experiments confirmed the 

siRNA compaction, while small-angle X-ray scattering analysis (SAXS) revealed the 

structural pattern of the lipoplexes. Two bicontinuous cubic phases were found to 

coexist: the double-gyroid phase (QII
G
) and the double-diamond phase (QII

D
), with Ia3d  

and Pn3m  as crystallographic space groups, respectively; the siRNA is known to be 

located inside their bicontinuous aqueous channels. Second, in vitro studies in HeLa-

green fluorescent protein (GFP) and T731-GFP cell lines (modified for GFP 

overexpression) showed moderate to high gene knockdown levels (determined by flow 

cytometry and epifluorescence microscopy) with remarkable cell viabilities (CCK-8 

assay). Finally, nano-liquid chromatography/mass spectrometry (nanoLC-MS/MS) was 

used to identify the nature of the proteins adhered to the surface of the lipoplexes 

after incubation with human serum, simulating their behavior in biological fluids. The 

abundant presence of lipoproteins and serum albumin in such protein corona, together 

with the coexistence of the bicontinuous cubic phases, may be behind the remarkable 

silencing activity of these lipoplexes. The results reported herein show that the use of 

amino acid-based cationic lipids mixed with a suitable helper lipid, which have already 

provided good results as plasmid DNA nanocarriers in cellular transfection processes, 

may also be a biocompatible option, and so far little investigated, in gene silencing in 

vitro strategies. 
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1. Introduction 

Nucleic acids (NAs) have become a potent tool in the treatment of genetic diseases 

due to their high efficiency to restore the correct cell function.
1-3

 The discovery of RNA 

interference in 1998 opened a new avenue for the study of genetic disorders. While 

classical transfection methods use plasmid DNAs (pDNAs) to restore the cell function 

by replacing wrong sequences, transfection with small interfering RNAs (siRNAs) can 

induce silencing of the pathogenic gene, with a more specific and potent mechanism of 

action.
4-5

 However, the strategies followed to deliver siRNA into the cellular cytoplasm 

are limited by biological barriers, as it happens with pDNA. Unprotected and negatively 

charged siRNA can be degraded by the nucleases present in biological fluids, thus 

preventing its entry into the cell by crossing the negatively charged cell membrane. 

Hence, the scientific community is also focused on the development of biocompatible 

platforms, which ensure the protection, transport and delivery of NAs into target cells.
6-

11
 Lipid systems are used in gene therapy

12-13
 as interesting non-viral gene vectors since 

they are able to condense NAs forming a complex known as lipoplex and transfect 

them into living cells. They are structurally similar to the cell membrane, leading to 

efficient interactions with it and, ultimately, the efficient delivery of NAs by endosomal 

escape. The composition of lipid systems is varied, from simple lipid structures, such as 

commercial DOTMA or DOTAP (which were the first lipid-based gene vectors 

developed in the 1980s and commonly used in subsequent decades),
14-15

 to the 

sophisticated structures synthesized by research groups in recent times.
16-17

 With 

respect to the charge, cationic lipids (CLs) have always been the most used lipid group 

in gene therapy
18-20

 since they strongly interact electrostatically with NAs and usually 

show acceptable or even successful transfection results,
21-24

 although anionic and 

zwiterionic lipids have also proved to be an alternative in lipofection studies.
25-26

 

The design of cationic lipid structures must consider the final viability of the system 

and offer a cell-friendly platform. Amino acids are the essential building blocks of the 

protein structure; therefore, one may envision their use in gene therapy to reduce the 

toxic effects produced by the lipids themselves, facilitating the circulation time and 

finally the crossing of the cell membrane. This last process can also be promoted in the 

presence of a co-adjuvant lipid in the system.  In fact, amino acid-based lipids show 

high biodegradability, good emulsion properties, and low toxicity against mammalian 

cells, which are all attractive properties for applications in pharmaceuticals. Moreover, 

amino acids allow the preparation of different lipid structures in which the properties 

can be tailored for specific biomedical applications. Indeed, the inclusion of amino acid 

components in the CL structure was tested in previous works as pDNA nanovectors.
27-29

  

In gene silencing research, the most typical helper lipid is 1-mono oleoyl glycerol 

(MOG). This neutral and natural lipid is used in other fields,
30

 and its structural phases 

have been widely studied in aqueous solution.
31

 At high content, MOG presents 
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lamellar and cubical lyotropic liquid crystal phases, the latter being particularly 

interesting in transfection studies due to its ability to favor the formation of membrane 

pores, which in turn facilitate the fusion with the cell membrane, improving the gene 

knockdown activity.
21,24,32

 Although such lipid mixture (composed of a CL and MOG) 

could be potentially suitable for the protection and transport of NAs, what occurs in 

the biological environment does not necessarily have to be always favorable. This entity 

is exposed to active biomolecules from the very moment it is introduced in a biological 

fluid. Free proteins interact and surround immediately the surface of the lipoplex, 

forming a shell of proteins, known as protein corona (PC). The lipoplex properties, such 

as its size, shape and surface charge, are modified by this coating. Consequently, the 

PC alters the diffusion of the nanovector in the bloodstream, improves or worsens its 

circulation time (induced by an immune response) and can also be the key for the 

interaction with the cell membrane in the internalization process. Although PC 

formation is a dynamic process, the adsorption-desorption of proteins reaches an 

equilibrium composition and two parts can be distinguished: the proteins adsorbed 

strongly on the lipoplex surface (hard corona) and the proteins with less affinity for the 

surface (soft corona).
33

 The PC is the primary contact with the cells
34-35

 and therefore, 

the study of its composition is essential in nanomedicine. Multiple studies have focused 

on the study of nanoparticle-protein corona
36-41

 and NA vector-protein corona.
42-47

 At 

present, the characterization of the nanovector-protein corona composition and their 

interactions is crucial to understand the transfection process and its consequences and 

to move forward toward future in vivo applications. 

In this regard, the present study describes the compaction and delivery of antiGFP-

siRNA (which blocks the synthesis of green fluorescent protein, GFP), with a lipid 

mixture made of a CL and neutral lipid MOG. The monovalent cationic lipid, denoted as 

C12ANHC18, contains two chains of 12 and 18 carbon atoms (the last one incorporating 

a double bond in position 9) and an arginine-based entity as a cationic polar head. The 

C12ANHC18/MOG-siRNA lipoplexes formed have been physicochemically characterized 

by electrochemical (potential and agarose gel electrophoresis) and structural (SAXS) 

analyses. The knocking down GFP expression was studied in two cancer cell lines 

modified to overexpress GFP (human cervical HeLa and mouse astrocyte T731) using 

flow cytometry and epifluorescence microscopy. The cytotoxicity of the lipoplexes was 

also evaluated by colorimetric assays. Finally, and with the aim of predicting the 

behavior of these lipoplexes in the bloodstream, a broad study of the proteins 

adsorbed on their surface under biological conditions was performed by nanoLC-

MS/MS. All these experiments have allowed us to determine the potential of this 

synthetic CL, in combination with MOG, as a siRNA nanovector. 
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2. Materials and Methods 

2.1. Synthesis of the Cationic Lipid C12ANHC18 

In this work, a double-chain cationic lipid based on the arginine amino acid was 

synthetized. The new lipid consists of the arginine residue linked to two different alkyl 

chains through amide bonds: one of 12 carbon atoms and one unsaturated C18 alkyl 

chain (Scheme 1a), abbreviated as C12ANHC18. The synthesis procedure and 

identification of this cationic lipid is fully detailed in the Supporting Information (SI). 

2.2. Materials 

For the synthesis of C12ANHC18, oleyl-amine was purchased from Sigma-Aldrich (St. 

Louis, MO), arginine methyl ester from Novabiochem AG (Laufelfinger, Switzerland), 

trifluoroacetic acid (TFA) from Merck (Darmstadt, Germany), and deuterated methanol 

from Eurisotop (Saint-Aubin, France). The solvents, which were reagent grade from 

Merck, were used without further purification. 

The helper lipid MOG (Scheme 1b) and Pluronic F127 (10% solution in water) were 

supplied by Sigma-Aldrich and Invitrogen-ThermoFisher (Waltham, MA), respectively. 

Dulbecco's Modified Eagle Medium (DMEM) was supplied by Hyclone-ThermoFisher 

(Waltham, MA), whereas fetal bovine serum (FBS), antibiotics, sodium pyruvate and 

non-essential amino acids (NEAAs) were purchased from Gibco-ThermoFisher 

(Waltham, MA). Human Serum (HS) was used as received from Sigma-Aldrich. AntiGFP-

siRNA was obtained from Ambion-ThermoFisher and the non-targeting control siRNA 

and commercial control Lipo2000* (Lipofectamine2000* Transfection Reagent) were 

supplied by Invitrogen-ThermoFisher. 
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Scheme 1. Molecular structure of (a) the amino acid-based cationic lipid C12ANHC18 

and (b) the neutral lipid MOG. 

2.3. Preparation of Lipoplexes 

Dry lipid films, with the corresponding amounts of C12ANHC18 and MOG to obtain a 

CL molar composition in the mixed lipid of  = 0.2, were formed by evaporation of a 

lipid chloroform solution under high vacuum. These lipid films were hydrated in N-(2-

hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES)-buffered medium (40 mM, pH 

= 7.4) and homogenized by alternating vortex/sonication cycles. A sequential extrusion 

procedure, fully detailed earlier,
48-49

 was used to homogenize the size and morphology 

of the multilamellar lipid mixtures formed after the hydration process and to convert 

them into unilamellar ones. Subsequently, Pluronic F127 was added to the lipid mixture 

to provide colloidal stability (0.1 μg/μL to obtain a final concentration of 10% in mass 

of CL).
21

 Finally, the unilamellar liposomes were mixed with the appropriate amount of 

siRNA solution to obtain specific molar charge effective ratios of eff = 4, 10, and 16 to 

form the lipoplexes. The siRNA stock solution varied depending on the technique of 

analysis: 0.1 mg/mL for potential, 0.2 µg/well (0.1 mg/mL) for agarose gel 

electrophoresis, 50 µg/capillary (10 mg/mL) for SAXS, 0.2 mg/mL for protein corona 

studies, and 5 nmol/mL (antiGFP-siRNA) or 1 nmol/mL (non-targeting siRNA) for 

biological experiments. 

a) 

b) 



 
127 

Biocompatible Nanovector of siRNA Consisting of Arginine-Based Cationic Lipid for 

Gene Knockdown in Cancer Cells 

2.4. Physical Characterization Methods 

Potential, agarose gel electrophoresis and small angle X-ray scattering, used to 

determine the effective charge of the cationic lipid and effective charge ratios (eff), the 

extent of siRNA complexation and compaction by the lipid mixture, and the structure 

of the lipoplexes are described in the SI. 

2.5. Cell Culture 

HeLa-GFP cervical cancer cells were purchased from Cell Biolabs (San Diego, CA). 

T731 mice astrocytes were kindly donated by Prof. J. A. Costoya (Univ. of Santiago de 

Compostela, Spain), and modified for overexpression of GFP (hereafter denoted as 

T731-GFP) as previously reported.
50

 All cells were maintained at 37 °C under 5% CO2 

(standard culture conditions) in DMEM supplemented with 10% (v/v) FBS or HS (for the 

incubation of the lipoplexes in cells), 1% (v/v) penicillin/streptomycin, 1% (v/v) sodium 

pyruvate and 1% (v/v) NEAAs. 

2.6. Cell Viability 

The cytotoxicity levels of C12ANHC18/MOG-siRNA lipoplexes were determined in 

both GFP-overexpressing HeLa and T731 cell lines using the cell counting kit-8 (CCK-8) 

assay in terms of % of cell viability. In 96-well plates, GFP-modified cells were seeded 

(100 µL, 10,000 cells/well) and incubated for 24 h. Afterwards, lipoplexes formed by 

lipid mixtures at eff =  4, 10 and 16, and 5 pmol/well of antiGFP-siRNA were incubated 

for 48 and 72 h in the presence of 10% (v/v) of HS. Next, the medium was discarded, 

the cells were washed with 10 mM phosphate-buffered saline (PBS), and 10 µL of the 

CCK-8 reagent was added to each well with 90 µL of fresh culture medium. Lipo2000* 

(0.25 µL/well) was used as the positive control for transfection and non-treated cells as 

a blank. A UV-vis microplate absorbance reader (Bio-Rad, model 689) was used to 

measure the absorbance of the samples and the non-treated cells at 450 nm. The % of 

cell viability was then calculated using the following equation: Asample / Auntreated cells × 

100. 

2.7. In Vitro Gene Knockdown Efficiency 

Flow cytometry and epifluorescence microscopy were used to evaluate the gene 

knockdown activity of the C12ANHC18/MOG-siRNA lipoplexes after 48 and 72 h of 

incubation with the tumor cell lines. 
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2.8. Flow Cytometry 

For flow cytometry experiments, 12-well plates were used to seed GFP-expressed 

cells (2 mL, 40,000 cells/well). After 24 h of incubation, the C12ANHC18/MOG-siRNA 

lipoplexes formed by 40 pmol/well of antiGFP-siRNA and the corresponding lipid 

mixture to reach specific effective charge ratios (eff = 4 and 10) were incubated with 

cells in the presence of 10% of HS. Untreated GFP-expressed cells, non-targeting siRNA 

inserted with 2 µL/well of Lipo2000*, and antiGFP-siRNA inserted freely and with 2 

µL/well of Lipo2000* were used as controls under the same conditions. After 48 and 72 

h, the cells were harvested with trypsin and suspended in 200 µL of PBS after several 

washes at 1200 rpm for 4 min. The average fluorescence intensity per cell (mean 

fluorescence intensity, MFI) was determined using a Guava easyCyte HT System flow 

cytometer and GuavaSoft software for 5000 events (cell count). The GFP 

downregulation was analyzed based on the average of fluorescence intensity per cell 

(MFI) and on the percentage of cells expressing GFP (% GFP). 

2.9. Epifluorescence Microscopy Analysis 

The gene knockdown activity was also studied by epifluorescence microscopy. Cells 

overexpressing GFP were seeded on poly-L-lysine-coated glass coverslips (76 mm × 26 

mm), placed inside 6-well plates (3 mL, 100,000 cells/well) and grown for 24 h under 

standard cell culture conditions. The C12ANHC18/MOG-siRNA lipoplexes were formed 

by a lipid mixture at eff = 4 and 10 plus 100 pmol/well of antiGFP-siRNA. With 5 

µL/well of Lipo2000*, antiGFP-siRNA was inserted and used as positive control, under 

the same conditions. After 72 h incubating the lipoplexes in the presence of cells, these 

were washed with PBS, fixed with paraformaldehyde 4% (w/v) for 10 min, 

permeabilized with 0.2% (w/v) Triton X-100 for 10 min, and the cytoplasm-stained for 

20 min with Alexa Fluor
TM

 647 (Invitrogen-ThermoFisher), with PBS washes between 

steps. Then, the coverslips were mounted on glass slides, and the nuclei were stained 

with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen-ThermoFisher). The GFP 

expression levels were visualized after storage of the cells at -20 °C for at least 24 h 

using an epifluorescence microscope (Leica DMI6000B) with a Leica AF6000 modular 

system and a DFC3665FX camera (Leica Microsystems GmbH, Heidelberg, Mannheim, 

Germany) equipped with an oil 63x objective. The blue channel was used for DAPI (ex 

= 350 nm), the far-red channel for Alexa Fluor 647 (ex = 650 nm), and transmitted light 

was employed in differential interference contrast mode. The analysis of the 

fluorescence intensities was performed using LAS X Life Science and Image J software 

following a previously established methodology.
51

 To do that, regions of interest (ROIs) 

considering well-defined cells were selected in different microscopic images at selected 
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time points and the fluorescent signal was normalized and quantified regarding the 

signal background. 

2.10. Protein Corona Studies 

C12ANHC18/MOG-siRNA lipoplexes at eff = 10 were incubated for 1 h at 37 °C in the 

presence of HS under soft agitation, to evaluate the proteomic profile surrounding 

their surface by nanoLC-MS/MS. The experimental process is detailed in the SI. Briefly, 

the proteins of the samples undergo different treatments for digestion with trypsin 

(Trypsin sequencing grade; Roche, Basel Switzerland) overnight at 37 °C. The peptides 

obtained were eluded, concentrated and desalted by C18 reverse-phase 

chromatography (OMIX C18, Agilent technologies, Santa Clara, CA). The analysis was 

carried out by RP-LC-ESI-MS/MS in an EASY-nLC 1000 System coupled to a Q-Exactive 

HF mass spectrometer using a Nano-Easy spray source (all from Thermo Scientific, 

Mississagua, ON, Canada). The identification of peptides was run by the Sequest search 

engine through the Protein Discoverer 2.2 Software (Thermo Scientific). Only protein 

identification based on mass spectra related to at least two unique peptides was 

considered. For protein quantitative analysis, the mean value of peptide-spectrum 

matches (PSMs) obtained was normalized to the protein molecular weight (MW) in kDa 

and expressed as the relative percentage of proteins. 

3. Results and Discussion 

3.1. Physicochemical Characterization of Gene Nanovector 

In this work, lipoplexes formed by siRNA and a lipid mixture containing the cationic 

lipid C12ANHC18 and neutral lipid MOG were evaluated as potential gene knockdown 

agents in two cancer cell lines, for which a multidisciplinary strategy was designed 

combining electrochemical and structural studies, followed by a thorough biochemical 

evaluation. Firstly, potential experiments were performed to determine (i) the 

effective charge of the CL (the effective charge of siRNA is known to be the same as its 

nominal one, -2/bp, due to its lineal and short sequence nature);
48-49,52

 and (ii) the 

electroneutrality mass ratio for each lipoplex, in order to know the composition from 

which siRNA is totally compacted and the net charge of the lipoplexes is positive, a 

condition that is known to promote their entrance in the cytoplasm and, in turn, the 

efficiency of transfection.
23,28,48,53

 The graph in Figure S6 shows the potential values 

vs the mass ratio between the lipid mixture and siRNA content (mL/msiRNA) in 

C12ANHC18/MOG-siRNA lipoplexes. The sigmoidal curve that fits the experimental 

values show the typical charge inversion process usually found for this type of systems, 
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with a characteristic electroneutrality mass ratio at ((mCL+m
L
0)/msiRNA)

ϕ
=  7.2 ±0.3. 

Working with a protocol previously reported by us
22,28,48

 and fully detailed in the SI, the 

effective charge (q
eff,CL

+
) of the cationic lipid was calculated as +0.9 ± 0.1 (10% lower 

than the nominal one). This result shows that strong electrostatic interactions drive the 

formation of the lipoplexes, although an entropic factor is also known to play a role in 

this process due to the release of Na

 counterions by siRNA.

52,54-55
 In any case, it was 

confirmed that the charged guanidine group present in arginine is responsible for such 

strong binding to the phosphate groups of the siRNA molecule.
56

 The effective charges 

of the C12ANHC18 and siRNA were used in this work to calculate the effective charge 

ratios, eff (Eq. 2 of SI) hereafter. The capacity of the mixture of lipids used in this work 

to compact siRNAs was also evaluated by means of electrophoresis. Figure 1 shows the 

agarose gel electrophoresis experiments for C12ANHC18/MOG-siRNA lipoplexes. The 

basis of this experiment is the characteristic emission band of the GelRed probe when 

intercalated within the hydrophobic microenvironment of the nucleic acid bases of 

unprotected siRNA, as can be seen in lane 1, where free siRNA was used as the control 

(see scheme included in Figure 1).  

  

Figure 1. Agarose gel electrophoresis of C12ANHC18/MOG-siRNA lipoplexes at selected 

eff and/or mL/msiRNA ratios (lanes 2–4) with free siRNA as the control (lane 1). 

Accordingly, the presence of free uncompacted siRNA was also observed at eff = 

0.5 for C12ANHC18/MOG-siRNA lipoplexes (lane 2). Note that this fluorescence band is 

not seen in lanes 3 and 4 (eff = 4 and 10, respectively) for C12ANHC18/MOG-siRNA 

lipoplexes. These evidences are consistent with potential results and altogether 
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indicate that full compaction of the siRNA is only achieved at eff values above 1.0 or 

mass ratios above 7.2. 

Obtaining structural information of the lipoplexes is also crucial to complete their 

biophysical characterization. In this regard, SAXS technique is normally used to study 

their structural pattern. With the aim of finding out the lipoplex structure in biological 

media, capillaries were prepared in the absence and presence of HS, where a PC would 

be formed around the lipoplexes. SAXS diffractograms were recorded at  = 0.2 and 

eff = 4 and 10, with and without HS, as shown in Figure 2a for C12ANHC18/MOG-siRNA 

lipoplexes.  

 

Figure 2. (a) SAXS diffractograms of C12ANHC18/MOG-siRNA lipoplexes at = 0.2 and 

eff = 4 and 10 in the absence and presence of human serum (+ PC). (b) Scheme for 

bicontinuous cubic phases: Ia3d as a double-gyroid phase (QII
G
) and Pn3m as a double-

diamond phase (QII
D
). Adapted from Molecules, 2019, 24, 21 with permission of MDPI. 

a) 

b) 

Ia3d Pn3m 

siRNA 
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The intensities were plotted vs the momentum transfer vector (q). SAXS 

diffractograms exhibit Bragg reflections typical of cubic structures. As can be seen in 

the figure, two different bicontinuous cubic phases coexist at both eff = 4 and 10 (with 

and without PC): the double-gyroid phase (QII
G
) and the double-diamond phase (QII

D
) 

with Ia3d and Pn3m crystallographic space groups, respectively, which are two of the 

cubic structures that MOG displays in MOG/water systems.
31

 In the bicontinuous cubic 

phases (see schemes in Figure 2b), lipids self-aggregate in bilayers forming three or 

four channels of water at angles of 120° and 109.5° for Ia3d and Pn3m, respectively, 

where the siRNA is included. The Braggs peaks were correlated with the Miller indexes 

of reciprocal lattice vector values 2 2 2 1/2/ (2 / ) ( )q   a h k l , which are √6, √8, √14, 

√16, √20, √22, and √24 for Ia3d, and √2, √3, √4, √6, √8, √9, and √10 for  Pn3m. The 

lattice spacings of the unit cells (a) were calculated from the slope (= 2 / a ) of the 

straight line on the plots of q vs 2 2 2 1/2( )h k l   (Figure 3) and are reported in Table 1.  
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Figure 3. Plots of the q factor vs (
2 2 2 1/2( )h k l  ) for the cubic phases Ia3d (black 

squares) and Pn3m (green squares) of C12ANHC18/MOG-siRNA lipoplexes at  = 0.2 

and eff = 4 (a, b) and 10 (c, d) in the absence (a, c) and presence (b, d) of protein 

corona. The lattice spacing (a) was determined from the slopes ( 2 / a ).  
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Table 1. Values of the lattice spacing (a) of the bicontinuous cubic phases Ia3d and 

Pn3m for C12ANHC18/MOG-siRNA lipoplexes at  = 0.2 and eff = 4 and 10 in the 

absence and presence of protein corona (+ PC)
a
.  

= 0.2 

C12ANHC18/MOG-siRNA 

eff = 4 eff = 4 (+ PC) eff = 10 eff = (10 + PC) 

a Ia3d / 

nm 
13.3 ± 0.7 12.7 ± 0.6 11.9 ± 0.6 12.1 ± 0.6 

a Pn3m / 

nm 
8.5 ± 0.4 8.4 ± 0.4 7.8 ± 0.4 7.2 ± 0.4 

a
The a Ia3d values are shown in black and those for Pn3m are shown in green, the 

same colors used in the diffractograms. 

It is remarkable that the presence of proteins does not meaningfully alter the two 

original Ia3d and Pn3m cubic structures since their lattice spacing values (a) are not 

significantly different in the absence or presence of the PC. Moreover, the a values 

(with/without PC) for the phases Ia3d and Pn3m are within a range similar to the one 

reported for the MOG/water system,
31

 pointing to MOG as the leader of the self-

aggregation process at high MOG content. Nonetheless, the presence of proteins at 

the lipoplex surface generates extra peaks at lower q values in the diffractograms, as 

already found in the DNA–lipoplexes reported by Motta et al. in the presence of 

plasma.
47

 These peaks cannot be indexed to a known lamellar or hexagonal sequence, 

being risky to define a pattern structure, although they seem to indicate the presence 

of an additional Pn3m cubic symmetry with a larger lattice spacing (lower q).  

3.2. In Vitro Studies 

Before this lipid system can be used as a gene knockdown nanocarrier, a cell 

viability analysis is necessary to evaluate its cytotoxicity. With this aim, 

C12ANHC18/MOG-siRNA lipoplexes at eff = 4, 10 and 16 were incubated in the 

presence of HS with two cancer cell lines, human cervical HeLa and mouse astrocyte 

T731, following the procedure fully detailed in the Materials and Methods section. 

These cell lines had been previously modified to overexpress high levels of GFP (HeLa-

GFP and T731-GFP). A colorimetry assay (CCK-8) was used to evaluate the potential cell 

cytotoxicity induced by the lipoplexes after 48 and 72 h of incubation. Figure 4 shows 

the cytotoxicity of lipoplexes in terms of % cell viability (considering untreated cells 
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having 100% cell viability). The commercial reagent Lipo2000* was used as a positive 

control (gray bars) for transfection of antiGFP-siRNA into cells. Data collected for 

C12ANHC18/MOG-siRNA lipoplexes at eff = 4, 10 and 16 are shown as an increase in the 

color intensity of the blue bars. According to the results obtained, C12ANHC18/MOG-

siRNA lipoplexes at eff = 4 and 10 result in viabilities of over 70% in both HeLa-GFP 

and T731-GFP cells. This high biocompatibility, which has already been observed in 

other gene nanocarriers containing amino acid moieties in their cationic heads,
27-28,57

 

also remains relatively high at eff = 16 in T731-GFP cells but provokes a certain 

undesirable decrease in % of cell viability in HeLa-GFP cells, which could be indicative 

of metabolic differences among cell lines due to their different phenotypes. Therefore, 

the two cell-friendly conditions in both cell lines, eff = 4 and 10, were selected to 

further assess the potential gene knockdown activity of the lipoplexes presented in this 

work. 
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Figure 4. Percentage of cell viability of HeLa-GFP (a) and T731-GFP (b) cell lines in the 

presence of C12ANHC18/MOG-siRNA lipoplexes (blue bars) at  = 0.2 and eff =  4, 10 

and 16. The percentage of cell viability was normalized to those obtained for untreated 

cells. The unstriped and striped bars correspond to 48 and 72 h post-incubation. The 

grey bar corresponds to Lipo2000*-antiGFP-siRNA, used here as positive control. The 

experiments were performed with 10% of human serum. The data represent the mean 

of three wells, and errors are within ±5%. 

For that purpose, C12ANHC18/MOG-siRNA lipoplexes at  = 0.2 and eff = 4 and 10 

were incubated with HeLa-GFP and T731-GFP cells in human serum medium to favor 

the PC formation, and their GFP knockdown expression was evaluated at 48 and 72 h 

post-treatment. To quantify the GFP knockdown activity of the lipoplexes, flow 

cytometry data were collected in terms of mean fluorescence intensity (MFI, i.e., 

average intensity of fluorescence per cell; Figure 5) and expressed % GFP (percentage 

of cells in which GFP expression was observed; Figure S7 in the SI). 
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Figure 5. Flow cytometric analysis of GFP knockdown levels expressed as the mean 

fluorescence intensities (MFI) in HeLa-GFP (top) and T731-GFP (bottom) cell lines at 

48 (unstriped bars) and 72 h (striped bars) of treatment. MFI of cells treated with 

C12ANHC18/MOG-siRNA lipoplexes were collected at  = 0.2 and eff = 4 (light blue 

bars) and 10 (dark blue bars). Untreated cells were used as the reference for the highest 

MFI, free siRNA and Lipo2000*-non-targeting siRNA were used as negative controls, 

and Lipo2000*-antiGFP-siRNA was used as positive control. All experiments were 

performed at 10% of human serum. The data represent the mean ± SD of three 

independent wells. 

Figure 5 shows the MFI collected for the HeLa-GFP (top) and T731-GFP (bottom) cell 

lines at 48 h (unstriped bars) and 72 h (striped bars) post-treatment. The blue bars 

correspond to the MFI of cells treated with C12ANHC18/MOG-siRNA lipoplexes (eff = 4, 

light blue bars; and eff = 10, dark blue bars). In these experiments, the MFI signal for 

untreated cells is shown in green bars and the MFI signal for free siRNA and Lipo2000*-

non-targeting siRNA, which were used as negative controls, are shown in orange and 

pink bars, respectively. The MFI value of Lipo2000*-antiGFP-siRNA, represented by gray 

bars, was used as a positive control. As shown in this figure, an unprotected siRNA 

administration demonstrated the necessity of a vector-assisted delivery strategy to 

protect the silencing agent from nuclease degradation, since a reduction of the MFI 
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value by the controls (orange and pink bars) was not observed. However, compared 

first to untreated cells, we observed that the MFI signal decreased in HeLa-GFP cells at 

both conditions (eff  = 4 and 10) after 48 and 72 h, this reduction being more 

pronounced at 72 h and for the highest lipid content studied, eff = 10. In T731-GFP 

cells, this decline was observed only at 72 h without significant differences between the 

two conditions. On the other hand, compared to the silencing activity of the positive 

control Lipo2000*-antiGFP-siRNA in both cell lines, the knockdown efficiencies of 

C12ANHC18/MOG-siRNA lipoplexes deserve some remarks: (i) no improvement in the 

silencing activity was observed at 48 h. Moreover, in the case of T731-GFP line, no 

activity was observed at 48 h with the Lipo2000*-antiGFP-siRNA positive control either. 

(ii) Nevertheless, significant silencing was detected at 72 h post-treatment at eff = 10 

in both cell lines. A decrease in the MFI value was also observed at eff = 4 in the T731-

GFP cell line. Similar conclusions are reached when analyzing the results of % GFP (see 

Figure S7 in the SI), except for T731-GFP cells at 72 h of treatment for the two 

conditions. The increase in % GFP for T731-GFP cells at 72 h with respect to that 

obtained at 48 h could be due to: (a) the fact that T731-GFP cells display better cell 

viability at 48 h, as reported in Figure 4, and/or (b) T731-GFP cells may undergo faster 

division cycles than HeLa cells. Despite that and taking into account the MFI results, it 

seems that eff = 10 and 72 h post-treatment would be the optimum formulation for 

C12ANHC18/MOG-siRNA lipoplexes to transfect siRNA in the HeLa-GFP and T731-GFP 

cell lines. It is worth noting that, compared to the amino acid-based nanocarriers of 

plasmid DNAs reported by us previously, the transfection efficiency is optimum under 

the same conditions ( = 0.2 and eff = 10) when using a lysine-derived monocationic 

lipid to transfect pCMV-Luc or pGFP-C3 plasmids
27

 and also when using a histidine-

derived gemini cationic lipid
28

 to transfect the pGFP plasmid.  

Epifluorescence microscopy was also used to evaluate the knockdown of GFP 

expression to contrast and corroborate the flow cytometry results after 72 h of 

incubation by the lipid nanovector under conditions at which the GFP knockdown 

efficiency was seen to be significant. Figures 6 and 7 show the % GFP expression in 

HeLa-GFP and T731-GFP cells, respectively, treated with C12ANHC18/MOG-siRNA 

lipoplexes. In Figure 6, images from (a) to (d) correspond to the bright-field (BF) and 

green channels merged, while images from (e) to (h) correspond only to the green 

channel. Images (a) and (e) show untreated cells, while images (b) and (f) show cells 

treated with the Lipo2000*-antiGFP-siRNA standard positive control. Cells incubated 

with C12ANHC18/MOG-siRNA lipoplexes at eff = 4 (c) and (g) and eff = 10 (d) and (h) 

were analyzed by ImageJ to obtain the % GFP as explained in the Materials and 

Methods section. In both conditions, % GFP decreased down to values around 30% 

(35% for eff = 4 and 32% for eff = 10), while the values for cells incubated with the 

control Lipo2000*-antiGFP-siRNA, remained significantly higher (63%). These results, 

further confirmed in the additional images shown in Figure S8 (38% for eff = 4 and 

28% for eff = 10) and consistent with those obtained with flow cytometry, demonstrate 
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altogether the greater gene-silencing activity of the C12ANHC18/MOG nanovector 

compared to that of the Lipo2000* standard positive control. 

 

Figure 6. Epifluorescence microscopy images in HeLa-GFP cells treated with 

C12ANHC18/MOG-siRNA lipoplexes at  = 0.2 and eff = 4 (c, g) and 10 (d, h) in the 

presence of human serum (10% of HS) after 72 h of incubation. Untreated cells (a, e) 

were used as controls, and cells treated with Lipo2000*-antiGFP-siRNA as positive 

control (b, f). The top images correspond to the bright field (BF) and green channel 

merged, while the bottom images are on the green channel. The scale bars are 50 μm, 

except (a, e), which are 10 μm. 

In the epifluorescence study of T731-GFP cells (Figure 7), different cell 

compartments were stained to locate the expression of GFP and to quantify it. The 

green channel reports the % GFP expression without staining, i.e., similar to the 

experiment previously detailed for HeLa-GFP cells. The cell nucleus was stained with 

DAPI (ex = 350 nm) exhibiting fluorescence in the blue channel, while the cytoplasm 

was stained with Alexa Fluor 647 (ex = 650 nm) and could be observed through the 

red channel. The green, blue and red channels have been combined with the bright-

field (BF) channel (which is useful to define cell morphology) in the merged images. 

Staining confirmed the expression of GFP in the cytoplasm and nucleus of cells. T731-

GFP cells were treated with C12ANHC18/MOG-siRNA lipoplexes at eff = 4 (row c) and 10 

(row d) and with the positive control Lipo2000*-antiGFP-siRNA (row b). The GFP 

expression, quantified by ImageJ, was compared to that of untreated cells (row a). 

While GFP expression decreased only to 93% when T731-GFP cells were treated with 

Lipo2000*-antiGFP-siRNA, the gene knockdown level was reduced down to 78% (at eff 

= 4) and 77% (at eff = 10) when cells were incubated with the C12ANHC18/MOG-siRNA 

lipoplexes reported in the present work. This silencing trend is further confirmed by 

Figure S9, which shows additional images of the silencing activity in T731-GFP cells 

treated with C12ANHC18/MOG-siRNA lipoplexes at  = 0.2 and eff = 4 (b) and 10 (c)  

(55% for eff = 4 and 71% for eff = 10, values quantified by ImageJ). In summary, the 

epifluorescence microscopy results are in agreement with those found with cytometry, 

discussed previously, since no meaningful drop in % GFP was observed with the 

a) b) c) d) 

e) f) g) h) 
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positive control Lipo2000*-antiGFP-siRNA but significant silencing was detected under 

the two gene-silencing conditions of the C12ANHC18/MOG-siRNA lipoplexes. 

Nonetheless, it must be noted that the epifluorescence experiments use a semi-

quantitative method of quantification, and, therefore, they support but do not replace 

the results obtained by flow cytometry. 

 

 

Figure 7. Epifluorescence microscopy images of T731-GFP cells treated with 

C12ANHC18/MOG-siRNA lipoplexes at  = 0.2 and eff = 4 (row c) and 10 (row d) in the 

presence of human serum (10% of HS) after 72 h of incubation. Untreated cells (row a) 

and cells treated with Lipo2000*-antiGFP-siRNA (row b) were used as positive controls. 

The green channel shows the GFP fluorescence intensity, the blue channel shows the 

fluorescence from cell nucleus stained with DAPI (ex = 350 nm), the red channel shows 

the Alexa Fluor
TM

 647 (ex = 650 nm) fluorescence signal, the BF channel shows the 

images on bright field, and the merged images show the combination of all previous 

channels. Scale bars are 75 μm. 

Most works reported in the literature with amino-acid-based lipids have been used 

for plasmid DNA transfection,
27-29,57-60

 while few studies have analyzed their potential 

use as siRNA nanocarriers.
61-64

 With the set of in vitro experiments reported in this 

work, it has been demonstrated that the use of lipids with an amino acid at the core of 

their structures, in this case arginine, is a promising alternative to design new gene 

knockdown nanovectors. As reported in the literature, the presence of guanidinium in 

Green 

Channel 

Blue Channel Red Channel BF Channel Merge 

a) 

c) 

b) 

d) 



 
139 

Biocompatible Nanovector of siRNA Consisting of Arginine-Based Cationic Lipid for 

Gene Knockdown in Cancer Cells 

the arginine moiety favors the interaction with the cell membrane (through binding to 

proteoglycans) and facilities the uptake by endocytic mechanisms;
65-66

 in fact, it has 

been used in other systems for the administration of siRNA in animal models.
61

 The 

presence of arginine also seems to improve the results obtained by anionic amino-

acid-derived cationic lipids when using siSVN and siRFP.
62

 All these studies agree on 

the encouraging benefits of introducing amino acid moieties in the structure of gene 

nanovectors to overcome biological, extracellular, and intracellular barriers.
67

 Therefore, 

amino-acid-based lipids seem potentially interesting candidates as gene-silencing 

nanovectors. 

3.3. Protein Corona Characterization 

As mentioned in the Introduction section, the proteins present in biological fluids 

can adhere to the lipoplex surface, forming a PC and modifying its original properties. 

The analysis of the proteins interacting with C12ANHC18/MOG-siRNA lipoplexes was 

performed by nanoLC-MS/MS. The lipoplexes prepared at  = 0.2 and eff = 10, which 

showed the best gene knockdown efficiencies in both cell cancer lines, were incubated 

in HS for 1 h at 37 °C, and the relative percentage of the corona proteins was 

determined.  

The proteins that constitute the corona were classified according to their isoelectric 

point (pI), molecular weight (MW) and physiological function. Figure 8 shows that the 

majority of proteins have a pI below 7 (~67%). This fact can be explained on the basis 

of the interaction between the lipoplexes with net positive charge and the proteins with 

negative charge.
42

 On the other hand, C12ANHC18/MOG-siRNA lipoplexes preferentially 

bind to low molecular mass proteins (<50 kDa), as can be seen in Figure 8. As displayed 

in this figure, when proteins are sorted according to their physiological function, 

lipoproteins are the most abundant, followed by acute phase proteins and 

immunoglobulins (31, 26 and 18%, respectively). Lipoproteins are directly related to 

intracellular trafficking and longer bloodstream circulation, whereas immunoglobulins 

and acute phase proteins are involved in immunological response and inflammatory 

processes. Other proteins interacting with the investigated lipoplexes, found in minor 

proportion, are the tissue leakage, coagulation and complement ones (5, 7 and 4%, 

respectively). These proteins promote clearance from systemic circulation, phagocytosis 

by immune cells and take part in the coagulation process. The classification of corona 

proteins in terms of the percentage of total proteins identified for each functional class 

is displayed in Figures S10 and S11.  
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Figure 8. Proteins found within the protein corona (PC) of C12ANHC18/MOG-siRNA 

lipoplexes at  = 0.2 and eff = 10, classified by their isoelectric point (pI), molecular 

weight (MW, in kDa) and physiological function. 

The analysis of the 25 most abundant proteins is collected in Table 2. Here, serum 

albumin and apolipoproteins A-I and A-II are the most abundant proteins (7, 7, and 6%, 

respectively). In general, apolipoproteins are involved in cholesterol transport and 

metabolism and, together with serum albumin, they are classified as dysopsonins 

because they enhance bloodstream circulation and crossing of the blood–brain 

barrier.
68

 The presence of large fractions of albumin and ApoA in the C12ANHC18/MOG-

siRNA lipoplexes may help reduce their interaction with phagocytic cells, thereby 

enhancing their efficiency as vectors.  

Overall, the observed high biocompatibility of the investigated lipoplexes and the 

remarkably good knockdown results obtained in both HeLa-GFP and T731-GFP cell 

lines can be explained by the nature of the protein corona. Moreover, this promising 

silencing activity may also be due to the simultaneous formation of bicontinuous cubic 

phases, as detected by SAXS, in the lipoplexes surrounded by their protein corona (PC). 

This high silencing efficacy has already been observed in siRNA-nanovectors also 

presenting bicontinuous cubic phases.
21

 In addition, the coexistence of these cubic 

phases would favor fusion with the membrane due to the high porosity attributed to 

these structures. In fact, it has been reported that the PC favors the fusion of 

nanovectors with endosomal membranes,
32,69

 thus promoting siRNA delivery. 

Nevertheless, the benefits and disadvantages of plasma protein interactions toward 
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nanomaterials are still under considerable debate. Further research is required to 

understand their complex interplay and its role on nanomaterial functionality.  

Table 2. Top 25 most abundant corona proteins identified on C12ANHC18/MOG-siRNA 

lipoplexes at  = 0.2 and eff = 10.  

# Description % 

1 Serum albumin 7.29 

2 Apolipoprotein A-I 6.86 

3 Apolipoprotein A-II 6.08 

4 Ig kappa constant 4.14 

5 Trypsin 3.91 

6 Alpha-1-antitrypsin SV = 3 2.89 

7 Alpha-1-antitrypsin SV = 1 2.80 

8 Apolipoprotein B-100 2.69 

9 Ig lambda constant 2 2.56 

10 Ig heavy constant γ 1 (Fragment) 2.10 

11 Apolipoprotein C-III 1.93 

12 Apolipoprotein E 1.79 

13 Apolipoprotein A-IV 1.77 

14 Apolipoprotein D (Fragment) 1.60 

15 Serum paraoxonase/arylesterase 1 1.54 

16 Apolipoprotein M 1.51 

17 SAA2-SAA4 readthrough 1.40 

18 Ig lambda-like polypeptide 5 1.36 

19 Complement C3 1.35 

20 Ig heavy constant γ 2 (Fragment) 1.27 

21 Serum amyloid A-1 protein 1.25 

22 Apolipoprotein C-I 1.23 

23 Haptoglobin 1.19 

24 Serotransferrin 1.11 

25 Ig heavy constant γ 3 (Fragment) 1.11 

4. Conclusion 

The set of experiments reported in this work allow us to conclude that the designed 

monocationic arginine-based lipid (C12ANHC18), mixed with the helper lipid MOG at 

large proportions of MOG (= 0.2), is a promising option to transfect siRNA in two 

GFP-overexpressing cancer cell lines (HeLa-GFP and T731-GFP). The cationic lipid 

C12ANHC18, with an effective charge of +

eff,CL 1q  0.9 ± 0.=  (10% below the nominal one), 
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promotes electrostatic interactions with anionic siRNA, leading the compaction process 

of the nucleic acid, as demonstrated by gel electrophoresis and, mostly, potential 

measurements. SAXS experiments showed that C12ANHC18/MOG-siRNA lipoplexes are 

well organized in two coexisting bicontinuous cubic structures ( Ia3d  and Pn3m ), 

characterized by lipid bilayers that form aqueous channels where the siRNA is included. 

These evidences, commonly found in systems where MOG is present at high content ( 

= 0.2), seems to reveal once again that MOG neutral lipid leads the aggregation 

pattern in these lipoplexes. SAXS experiments in the presence of human serum showed 

that the proteins of the corona surrounding the surface of the lipoplexes do not modify 

significantly the two cubic bicontinuous structures characterized in the absence of 

human serum, but it seems that they promote the formation of an additional Pn3m  

bicontinuous cubic phase with a larger spacing than that one found in the absence of 

proteins. The coexistence of these cubic phases would favor fusion with the membrane 

due to the high porosity attributed to these structures. This fact would explain, in turn, 

the efficient knockdown activity found for the lipoplexes studied herein in HeLa-GFP 

and T731-GFP cancer cell lines, as quantified by cytometry (MFI and % GFP) and 

epifluorescence microscopy (% GFP). The decrease in GFP expression, found to be 

optimum at 72 h post-transfection and at an effective charge ratio eff = 10, decreased 

to around 30% and around 75% in HeLa-GFP and T731-GFP lines, respectively, under 

such conditions. In both cases, these silencing outcomes are even better than those 

obtained with the Lipo2000* standard positive control. Furthermore, it was confirmed 

that the C12ANHC18/MOG lipidic nanocarrier is not cytotoxic for any of these cell lines, a 

fact that may be attributed to the presence of an arginine residue in the polar head of 

the cationic lipid. Moreover, the analysis of the protein corona by nanoLC-MS/MS 

revealed the presence of apolipoprotein A-I, apolipoprotein A-IV, and serum albumin 

as the most abundant proteins. These proteins, most of which with low molecular 

weight (<20 kDa) and pI < 7, may endow the nanovectors with improved bloodstream 

circulation and superior biocompatibility, resulting into greater silencing efficiencies. 

Overall, the cubic structure adopted by the nanovector and the nature of its protein 

corona may explain its remarkably good cell viability and notable silencing activity. In 

conclusion, the investigated arginine-based cationic lipid can represent an appealing 

class of non-viral vectors for gene therapy, contributing to the potential development 

of more advanced biomedical treatments.  
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1. Synthesis and Characterization of C12ANHC18 Cationic 

Lipid 

1.1. Synthesis of the Cationic Lipid C12ANHC18 

The cationic lipid C12ANHC18 was prepared using a simple chemical procedure that 

follows some of the requirements of green chemistry; it does not use dangerous 

organic solvents nor high temperatures, and renewable raw materials may be 

employed. C12ANHC18 was prepared using lauroyl arginine methyl ester (LAM) as the 

starting compound. LAM was synthesized as reported in the literature
1
 and the 

chemical procedure used to prepare the target compound C12ANHC18 was similar to 

that used to synthesized analogue cationic lipids based on arginine.
2
 Briefly, LAM (5 

mmol) was dissolved in oleyl-amine (25 mmol) at 50 ºC. The mixture was stirred at this 

temperature for 2 hours. The reaction progress was controlled by HPLC. After cooling, 

three crystallizations with methanol/acetonitrile were carried out to remove the excess 

of oleyl-amine. Further enrichment of the target, purity higher than 98%, was carried 

out by preparative HPLC. The identification of the C12ANHC18 cationic lipid was carried 

out by several techniques: HPLC (Figure S1), 
1
H (Figure S2) and 

13
C NMR spectroscopy 

(Figure S3-S4) and mass spectrometry (Figure S5). 

1.2. HPLC Analysis 

An Elite LaChrom HPLC equipped with a LiChroCart CN column (250 mm × 4.6 mm, 

5 μm) was used to analyze the reaction mixture. The flow rate was set at 1.0 mL/min 

and the wavelength at 215 nm. The mobile phase gradient was as follows: gradient 

elution, 50 – 95% B in 24 min; where A was 0.1% trifluoroacetic (TFA) acid in H2O and 

solvent B was 0.085% of TFA in H2O/CH3CN 1:4. Retention time by HPLC 12 min. 

1.3. Prep-HPLC Purification 

Prep-HPLC was carried out on a Waters preparative HPLC system. The sample (500 

mg) of the target compound was dissolved in 10 mL of methanol/water (40/60) and 

injected onto a KROMASIL C8 preparative column (250 mm × 21.2 mm, 50 μm). The 

mobile phase A was 0.1% trifluoroacetic (TFA) acid in H2O and the mobile phase B was 

0.085% of TFA in H2O/CH3CN 1:4. The compounds were eluted at a flow rate of 20 

mL/min with a linear gradient from the mixture A:B (60:40, v/v) to A:B (0:100, v/v) in 24 

min. The detection wavelength was 215 nm. Each collected fraction was analyzed by 
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HPLC and the fractions with the purity of the target compound higher than 98% were 

combined and concentrated to dryness. 

1.4. NMR Measurements 

NMR measurements were performed on a Varian spectrometer at 499.803 (H) and 

125.233 (C) MHz, respectively, using the deuterium signal of the solvent as lock. This 

system is equipped with a 5 mm indirect broadband probe. The sample, 25 mg of 

C12ANHC18, were dissolved in CD3OD (0.7 mL) and introduced in 5 mm tubes. 
13

CNMR 

spectra were recorded under composite decoupling to eliminate 
13

C-
1
H coupling. 

1
H 

NMR (400 MHz, CD3OD): δ 0.90 (t, 6H, 2 CH3), 1.29-2.02 (-CH2- groups), 2.26 (t 2H, -

CH2-CONH-), 3.16 (m, 4H, -CONH-CH2-, -CH2-N-), 4.31 (m, 1H, -CH- arginine), 5.34 (m, 

2H, -CH=CH-) ppm. 
13

C NMR (125 MHz CD3OD): δ 14,49 (CH3), 23.75, 26.43, 26.95, 

27.98, 28.14, 28.18, 30.21, 30.35,30,37, 30.40, 30.46, 30.50, 30.54, 30.62, 30.63, 30.69, 

30.78, 30.79, 30.85, 30.90, 33.06, 33.09, 39.86, 40.42, 41.97 (CH2), 54.29 (CH arginine), 

130.7 (CH=CH), 158.7 (-C- guanidine group) 173.85, 176, 32 (-CONH-, amide bonds) 

ppm.  

 

Figure S1. HPLC chromatogram of C12ANHC18. 
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Figure S2. 
1
HNMR spectrum of C12ANHC18. 

 

Figure S3. 
13

CNMR spectrum of C12ANHC18. 
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Figure S4. Dept spectrum of C12ANHC18. 

 

Figure S5. Mass spectrum of C12ANHC18. Mass spectrum m/z: 607 [M]+1, without the 

Cl. 
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2. Physical Characterization Methods 

2.1. Potential 

The phase analysis light scattering technique (Zeta PALS, Brookhaven Instruments 

Corp., Holtsville, USA) was used to measure the electrophoretic mobility of 

C12ANHC18/MOG-siRNA lipoplexes, from which the potential was obtained using a 

dispersant refractive index of 1.33 (water), viscosity of 0.9 cP, dispersant dielectric 

constant of 78.5 and temperature of 25 °C.
3-4

 An average of 50 potential 

independent measurements were plotted as a function of the mass ratio content 

between the lipid mixture and siRNA, mL/msiRNA. 

2.2. Gel Electrophoresis. RNA Compaction Assay 

Agarose gel electrophoresis was used to determine the extent of siRNA 

complexation and compaction by the lipid mixture of C12ANHC18 and MOG. The free 

siRNA and the lipoplexes were included in gels formed by 0.8% agarose and 0.7 µL of 

GelRed probe. The samples were excited at 302–312 nm and recorded at 600 nm. The 

corresponding emission bands were visualized using the commercial Quantity One 

software and a Gel Doc XR instrument (Bio-Rad). Free RNA exhibits a characteristic 

fluorescent band down the lane, while the absence of such a band confirms the siRNA 

complexation and compaction by the mixed lipid. 

2.3. Small Angle X-ray Scatering 

SAXS experiments were performed at the ALBA Synchrotron (Barcelona, Spain, 

beamline BL11) using 12.6 KeV ( = 0.995 Å) as the energy of the incident beam and a 

Quantum 210r CCD detector. Scattered X-rays were converted into one-dimensional 

scattering by radial averaging and plotted as a function of the momentum transfer 

vector (q) in the diffractograms. C12ANHC18/MOG-siRNA lipoplexes were formed at two 

different effective charge ratios (eff = 4 and 10) with and without HS (10% v/v) in the 

capillaries. Samples were measured in duplicate at each composition. 
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3. Determination of the Effective Charges of Cationic 

Lipid C12ANHC18 

The lipoplex composition can be expressed in terms of (i) the mass relation between 

lipid mixture and nucleic acid, mL/msiRNA (Eq. 1), and/or (ii) the effective charge ratio 

between the effective positive charges of CL and the effective negative charges of 

siRNA, eff (Eq. 2). 

0L siRNA CL siRNAL
m /m = (m +m )/m      (1) 

Where mL, mCL, mL
º, and, msiRNA are the masses of the total mixed lipid, the cationic 

lipid CL (C12ANHC18), the neutral lipid (MOG), and nucleic acid, (in this case, siRNA), 

respectively. 

++
eff, CL CL CL

eff - -

eff, siRNA siRNA siRNA

q (m /M )n
ρ = =

n q (m /M )
     (2) 

Where n
+
, n

-
, q

eff,CL
+ , q

eff, siRNA

-
, MCL and MsiRNA are the number of moles of positive CL 

and negative siRNA charges, effective charges of CL and siRNA per bp; and the 

molecular weight of the CL and siRNA per bp, respectively. 

There is an specific lipoplex composition, known as the electroneutrality ratio 

((mCL+m
L
0)/msiRNA)ϕ, at which the positive and negative charges balance (eff =1). This 

particular ratio is characteristic of each system and supplies an interesting information 

for the cell transfection process, because lipoplex becomes a potential transfecting 

agent when it is positively charged, i.e., at eff >1. Among others, potential 

measurements are used for a precise determination of this ratio. Figure S6 shows the 

zeta potential values vs mass ratio mL/msiRNA of C12ANHC18/MOG-siRNA system at CL 

molar composition  = 0.2. This typical sigmoidal curve shows that the charge 

inversion is produced at an electroneutrality value of ((mCL+m
L
0)/msiRNA)ϕ = 7.2 ± 0.3, 

that is related with the Eq. (1) and (2) by:  

0 0

-

CL eff,siRNA CLL L L

+

siRNA siRNA eff,CL siRNA

m +m q [αM +(1-α)M ]m
= =

m m q αM
 

   
   
   

   (3) 

In this equation, the effective charge of siRNA is assumed to be the same as its 

negative nominal one (-2/bp), due to its linear character and short sequence. Then, the 

effective charge of the cationic lipid, +

eff,CLq = +0.9 ± 0.1 (quite close to the nominal 

one of +1) was calculated by using Eq. (3) and, accordingly, the effective charge ratio of 
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the lipoplex can be determined with Eq. (2) substituting the corresponding effective 

charges thus determined. 
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Figure S6. Plot of the potential vs mass ratio (mL/msiRNA) of C12ANHC18/MOG-siRNA 

system at CL molar composition  = 0.2. 
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4. In Vitro Studies 
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Figure S7. Flow cytometric analysis of GFP knockdown levels expressed as % GFP in 

HeLa-GFP (top) and T731-GFP (bottom) cell lines at 48 (unstriped bars) and 72 h 

(striped bars) of treatment. % GFP of cells treated by C12ANHC18/MOG-siRNA lipoplexes 

was collected at  = 0.2 and eff = 4 (light blue bars) and 10 (dark blue bars). Untreated 

cells were used as the 100% of GFP signal, free siRNA and Lipo2000*-non-targeting 

siRNA were used as negative controls and Lipo2000*-antiGFP-siRNA was used as 

positive control. All experiments were performed with 10% of human serum. The data 

represent the mean ± SD of three independent wells.  
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Figure S8. Epifluorescence microscopy images in HeLa-GFP cells treated with 

C12ANHC18/MOG-siRNA lipoplexes at  = 0.2 and eff = 4 (a, c) and 10 (b, d) in the 

presence of human serum (10% of HS) after 72 h of incubation. Top images are on 

bright field (BF) and green channel merged while bottom images are on green channel. 

Scale bars are 50 μm.   

 

 

a) b) 

c) d) 
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Figure S9. Epifluorescence microscopy images in T731-GFP cells treated with 

C12ANHC18/MOG-siRNA lipoplexes at  = 0.2 and eff = 4 (row b) and 10 (row c) in the 

presence of human serum (10% of HS) after 72 h of incubation. Untreated cells (row a) 

were used as a control. The green channel shows the GFP fluorescence intensity; the 

blue channel shows the fluorescence from cell nucleus stained with DAPI (ex = 350 

nm); the red channel shows Alexa Fluor 647 (ex = 650 nm) fluorescence signal; the BF 

channel shows the images on bright-field; and the merged images show the 

combination of all previous channels. Scale bars are 50 μm.  

5. Protein Corona Characterization 

After human serum incubation during 1 h at 37 °C and three washes with PBS (at 

14,000 rpm during 15 min), the proteins of samples were reduced with Dithiothreitol 

(DTT), alkylated with iodacetamide (IAA) and digested with 2 μg of recombinant trypsin 

overnight at 37 °C. The peptides obtained were eluted, concentrated and desalted with 

C18 reverse phase chromatography, with 80% acetonitrile/0.1% trifluoroacetic acid. The 

samples were freeze-dried in Speed-vac (Savant) and resuspended in 2% acetonitrile 

(ACN), 0.1% formic acid (FA). The analysis of peptides was performed by RP-LC-ESI-

MS/MS in an EASY-nLC 1000 System coupled to the Q-Exactive HF mass spectrometer 

through the Nano-Easy spray source.  

Firstly, the sample was loaded onto a Acclaim PepMap 100 Trapping column 

(Thermo Scientific, 20 mm x 75 μm ID, 3 μm C18 resin with 100 Å poro size) using 

buffer A (mobile phase A: 2% ACN, 0.1% FA) and then were separated and eluted on a 

C18 resin analytical column NTCC (Nikkyo Technos Co., Ltd, Tokyo, Japan, of 150 mm x 

75 μm ID, 3 μm C18 resin with 100 Å poro size) with an integrated spray tip. A 120 
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minutes gradient of 5% to 35% Buffer B (100% ACN, 0.1% FA) in Buffer A at a constant 

flow rate of 250 nL/min was used. 

Data acquisition was performed with the Q-Exactive HF mass spectrophotometer 

using an ion spray voltage of 1.8 Kv and an ion transfer temperature of 250 C. The 

peptides were detected with a resolution of 60,000 in full scan mode, in a mass to 

charge (m/z) range of 350-2000 Da. The MS/MS data were acquired in Data-dependent 

acquisition (DDA) mode. In this way, in each microscan, 15 precursors with a charge 

between +2 and +4 were selected as a function of their intensity (threshold: 2 · 10
3
), 

with a dynamic exclusion of 20 seconds, followed by their isolation within a window 

width of +/-2 units of m/z. The maximum time for the fragmentation by High Collision 

Dissociation (HCD) was 100 ms with normalised collision energy of 27%. Positive mode 

was used for the acquisition of the MS/MS spectra. 

Peptide identification from raw data was carried out using Sequest search engine 

through the Protein Discoverer 2.2 Software (Thermo Scientific). Database search was 

performed against Uniprot DB with taxonomic restriction to human and the 

contaminant database (93,492 sequences). The following parameters were used for the 

searches: up to two missed cleavage sites, tolerances of 10 ppm for precursor ions and 

0.02 Da for MS/MS fragment ions. The searches were performed allowing optional 

Methionine oxidation and fixed carbamidomethylation of cysteine. Search against 

decoy database (integrated decoy approach) was used to FDR calculation. The Mascot 

Scores were adjusted by a percolator algorithm. The acceptances criteria for proteins 

identification were a FDR < 1% and it was only considered the protein identification 

based on mass spectra related to at least two unique peptides. For protein quantitative 

analysis, the mean value of peptide-spectrum matches (PSMs) obtained was 

normalized to the protein molecular weight in kDa (MW) and expressed as the relative 

percentage of proteins.    
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Figure S10. Classification of the most abundant proteins (lipoproteins, acute-phase 

and immunoglobulins proteins) found in the protein corona of C12ANHC18/MOG-siRNA 

lipoplexes at  = 0.2 and eff = 10.  
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Figure S11. Classification of the proteins that constitute a minor fraction (tissue 

leakage, coagulation, complement and other proteins) in the protein corona of 

C12ANHC18/MOG-siRNA lipoplexes at  = 0.2 and eff = 10.  
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Abstract:  

A histidine-based gemini cationic lipid, which had already demonstrated its 

efficiency as a plasmid DNA (pDNA) nanocarrier, has been used in this work to transfect 

a small interfering RNA (siRNA) into cancer cells. In combination with the helper lipid 

monoolein glycerol (MOG), the cationic lipid was used as an antiGFP-siRNA nanovector 

in a multidisciplinary study. Initially, a biophysical characterization by potential and 

agarose gel electrophoresis experiments was performed to determine the lipid effective 

charge and confirm siRNA compaction. The lipoplexes formed were arranged in L 

lamellar lyotropic liquid crystal phases with a cluster-type morphology, as cryo-

transmission electron microscopy (cryo-TEM) and small-angle X-ray scattering (SAXS) 

studies revealed. Additionally, in vitro experiments confirmed the high gene 

knockdown efficiency of the lipid-based nanovehicle as detected by flow cytometry 

(FC) and epifluorescence microscopy, even better than that of Lipofectamine2000*, the 

transfecting reagent commonly used as a positive control. Cytotoxicity assays indicated 

that the nanovector is non-toxic to cells. Finally, using nano-liquid chromatography 

tandem mass spectrometry (nanoLC-MS/MS), apolipoprotein A-I and A-II followed by 

serum albumin were identified as the proteins with higher affinity for the surface of the 

lipoplexes. This fact could be beyond the remarkable silencing activity of the histidine-

based lipid nanocarrier herein presented. 
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1. Introduction 

The use of nucleic acids as therapeutic agents offers a wide range of possibilities 

with regard to the treatment of diseases at the molecular genetic level.
1-2

 Specifically, 

the discovery of interference RNA (RNAi) and the development of siRNA molecules 

have allowed the possibility of controlling a specific and unique mechanism of action in 

the regulation of genes.
3-4

 This has been translated into better results in terms of 

selectivity and efficiency compared to other therapeutic agents used in gene therapy, 

such as pDNA and oligonucleotides.
5-6

 The siRNA molecules can block specific regions 

in the messenger RNA (mRNA) sequence through the formation of a RNA-induced 

silencing complex (RISC), thus suppressing the synthesis of the target pathogenic 

protein. However, this powerful and selective method for gene silencing can be limited 

or may even not take place if the siRNA molecules do not reach the cell cytoplasm. The 

degradation by nucleases present in the bloodstream and their inefficiency to cross the 

negatively charged cellular membrane are some of the limitations that make the 

vectorization of nucleic acids necessary. 

Bioinspired non-viral vectors, which came to replace viral vectors that often suffer 

from limitations related to the immune response,
7-8

 can be functionalized with amino 

acids components or made of oligopeptides sequences. Cell-penetrating peptides are 

one of the best examples of a short peptide sequence that can pack and unpack 

nucleic acids into cells in a non-toxic manner.
9-10

 However, efficiency achieved in in vivo 

experiments is not high enough provided that these peptide-based complexes possess 

low cell specificity.
11

 Dendrimers,
12-13

 polymers
14-15

 and lipids
16-17

 are other nanocarriers 

among non-viral vectors that may incorporate natural amino acids in their structures to 

reduce cytotoxicity and improve cellular uptake. Lysine, arginine and histidine are some 

of the most commonly used amino acids because of their positive charge at 

physiological pH, which enables electrostatic interactions with the anionic nucleic acids 

and the negatively charged cellular membranes.
16-20

 In particular, the histidine group 

also offers a mechanism for endosomal scape, known as the “proton sponge effect”.
21-

23
 This strategy has been used as a source of inspiration for histidine-based 

nanocarriers in the last decade,
21

 specifically in the case of cationic lipids (CL), which 

have received much attention as non-viral gene vectors thanks to their structural 

similarities with the cell membrane. The insertion of amino acid moieties, bare or 

functionalized, in their structure has been generally more used in pDNA 

transfection
18,20,22,24-28

 than in siRNA vectorization,
29-32

 despite the fact that amphiphilic 

imidazolium salt has already been physico-chemically presented as a new generation of 

reagents for RNAi.
33

 Additionally, gemini cationic lipids (GCL) have demonstrated to be 

efficient gene nanovectors,
34-36

 especially when an imidazolium group was included in 

their structure.
37-38

 Both synthetic strategies are focused on overcoming the biological 

barriers that the nanocarrier encounters once it enters the bloodstream,
39

 as well as on 
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improving the endocytosis pathway.
40

 In this regard, the inclusion of a co-adjuvant lipid 

in the formulation is a common approach for enhancing the fusogenic properties of 

the complex formed by lipids and nucleic acids (lipoplex) with the cell membrane. The 

helper lipid habitually used in the gene-knockdown field is the 1-(cis-9-octadecenoyl)-

rac-glycerol (MOG). Its biocompatibility and ability to induce different lyotropic liquid 

crystal phases make it a safe option in gene therapy.
38,41-43

 

However, when a nanocarrier is introduced in the body, a journey through 

biological fluids starts where a wide variety of molecules can interact with it, 

conditioning the success in achieving its target. Particularly, proteins tend to adsorb 

onto the nanovector surface in a dynamic process,
44-45

 forming a new biological entity, 

which is what cells firstly see. That protein corona (PC) can either trigger an immune 

response or favor the absorption of the nanoagent by the cell membrane,
46-48

 and, 

ultimately, it is thought that it largely decides the successful or, on the contrary, 

defective end of the gene nanocarrier. Nowadays, many studies are focused on an 

extensive characterization of the PC of non-viral gene nanocarriers with the aim of 

gaining a better understanding of its effect on the efficiency of the transfection 

process, which is one of the bottlenecks in in vivo treatments.
49-52

 

Following this strategy, and taking into account previous studies of cationic lipids 

(CLs) incorporating amino acid derivatives in their structures such as lysine
18,53

 and 

arginine derivatives,
43

 we have worked in this study with a nanovector based on a 

gemini cationic lipid with functionalized histidine residues on the head groups, the 

bis(N(τ),N(π)-bis(methyl)-histidine hexadecyl amide) propane abbreviated as 

C3(C16His)2 (see Scheme 1a). This GCL has already been used as an interesting 

nanoplatform for pDNA delivery.
26

 These previous promising data allowed us to 

hypothesize that this modified lipid can be also used to effectively transport and 

deliver siRNA molecules and, therefore, to enable the configuration of a versatile non-

viral gene nanocarrier. Thus, a lipid mixture that contained this histidine-based GCL and 

the neutral lipid MOG was used to compact antiGFP-siRNA molecules. The lipoplexes 

formed were physico-chemically characterized by agarose gel electrophoresis, 

potential, cryo-TEM, and SAXS techniques. The gene knockdown activity was 

evaluated by measuring the fluorescence signal of the green fluorescent protein (GFP) 

overexpressed in HeLa and T731 cancer cells through flow cytometry and 

epifluorescence microscopy. The cytotoxicity of lipoplexes was analyzed by the CCK-8 

assay, whilst nanoLC-MS/MS experiments were performed to examine the proteomic 

profile of the protein corona surrounding the lipoplexes in physiological-mimicking 

conditions. Altogether, these in vitro experiments could confirm the potential utility of 

the histidine-based nanocarrier for gene knockdown therapy. 
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Scheme 1. Molecular structure of the histidine-based gemini cationic lipid C3(C16His)2 

(a) and the neutral lipid MOG (b). 

2. Materials and Methods 

2.1. Materials 

The synthesis of C3(C16His)2 has been previously reported.
26

 The helper lipid MOG 

(see Scheme 1b) and Pluronic F127 (10% w/v in water) were supplied by Sigma-Aldrich 

(St. Louis, MO, USA) and ThermoFisher (Waltham, MA), respectively. For cell culturing, 

Dulbecco’s Modified Eagle Medium (DMEM) was supplied by Hyclone-ThermoFisher 

(Waltham, MA) while fetal bovine serum (FBS), antibiotics, sodium pyruvate, and non-

essential amino acids (NEAAs) were provided by Gibco-ThermoFisher (Waltham, MA). 

Human serum (HS) was used as received from Sigma-Aldrich. The in vitro evaluation 

was done using an antiGFP-siRNA and a non-targeting control siRNA (also known as 

scrambled siRNA, i.e., without functional activity) supplied by Ambion-ThermoFisher 

and Invitrogen-ThermoFisher, respectively. Finally, the commercial control 

Lipofectamine2000* Transfection Reagent (Lipo2000*) was also obtained from 

Invitrogen-ThermoFisher. 

b) a) 
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2.2. Preparation of Lipoplexes 

Appropriate amounts of C3(C16His)2) and MOG (at a molar fraction with respect to 

C3(C16His)2,  = 0.2) were mixed to obtain dry lipid films by evaporation of chloroform 

under high vacuum. These dry films were afterwards hydrated with HEPES (40 mM, pH 

= 7.4) and further homogenized by using a procedure fully detailed elsewhere.
54

 

Subsequently, a sequential extrusion procedure, fully detailed elsewhere,
55

 was used to 

favor a population of unilamellar liposomes with low polydispersities.
56-57

 Finally, 

Pluronic F127 (10% in mass of GCL) was added to the lipid mixture to provide colloidal 

stability. A certain amount of siRNA was added to each stabilized lipid mixture to form 

lipoplexes with fixed compositions, and the whole mixtures were incubated at room 

temperature for at least 30 min to form the C3(C16His)2/MOG-siRNA lipoplexes. The 

concentration of siRNA in the stock solution was: 0.1 mg/mL for potential, 0.2 

µg/well (0.1 mg/mL) for agarose gel electrophoresis, 50 µg/capillary (10 mg/mL) for 

SAXS, 0.2 mg/mL for cryo-TEM and protein corona studies, and 5 nmol/mL (antiGFP-

siRNA) or 1 nmol/mL (non-targeting siRNA) for biological experiments. 

2.3. Electrochemical Study. Potential and Agarose Gel 

Electrophoresis 

The potential was determined at 25 °C through electrophoretic mobility 

measurements using the phase analysis light scattering technique (Zeta PALS, 

Brookhaven Instruments Corp., Holtsville, USA), fully detailed elsewhere.
57-58

 potential 

values of C3(C16His)2/MOG-siRNA lipoplexes were collected in a sigmoidal curve as a 

function of the mass ratio between the lipid mixture and the siRNA, 
L siRNA

m /m : 

0L siRNA GCL siRNAL
m /m =(m + m )/m      (1) 

where mL, mGCL, mL
0 , and msiRNA are the masses of the total mixed lipid, the GCL 

(C3(C16His)2), the neutral lipid (MOG), and siRNA, respectively. Each value in the graph is 

the average of 50 independent measurements.  

Furthermore, the capacity of the lipid mixtures to complex and compact siRNA 

molecules was determined by a compaction assay with agarose gel electrophoresis. 

Free siRNA and C3(C16His)2/MOG-siRNA lipoplexes at different compositions were 

included in a 0.8% (w/v) agarose gel in 1x TAE buffer, and 0.7 µL of GelRed probe 

added. Electrophoresis was run at room temperature (around 25 °C) at 70 mV for 1 h. 

Gels were visualized using a Gel Doc XR instrument (Bio-Rad) under Quantity One 

software; probe emission was excited at 302–312 nm and recorded at 600 nm. The 

presence of free or uncompacted siRNA is detected by a characteristic fluorescent band 
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of the probe intercalated within the siRNA double helices, while its absence denotes 

full siRNA compaction by the lipid mixture. 

2.4. Structure Study. SAXS and Cryo-TEM 

SAXS experiments were carried out at ALBA Synchrotron (Barcelona, Spain, 

beamline BL11) with an incident beam energy of 12.6 KeV ( = 0.995 Å) and a Quantum 

210r CCD detector. Diffractograms collected the scattered X-rays signal, converted into 

one-dimensional scattering by radial averaging, as a function of the momentum 

transfer vector (q). The lipoplexes were incubated and analyzed in the absence and 

presence of human serum, HS (10% v/v). Samples were measured in duplicate for each 

composition. 

C3(C16His)2/MOG-siRNA lipoplexes were also deposited for cryo-TEM experiments 

on perforated Holey Carbon on a 400-mesh copper grid. Following a previously 

reported protocol,
59-61

 samples were observed using a JEOL JEM 2011 microscope at 

200 kV under low-dose conditions and with different degrees of defocus (500–700 nm). 

The micrographs were collected with a Gatan 794 Multiscan digital camera, and the 

digital Micrograph software was used to analyze the CCD images. 

2.5. In Vitro Evaluation 

Cell Culturing 

Two cancer cell lines overexpressing the green fluorescent protein, GFP, were used: 

cancer cervical HeLa-GFP and mouse astrocytes T731-GFP, which were obtained from 

Cell Biolabs (San Diego, CA) and kindly donated by Prof. J. A. Costoya (Univ. of 

Santiago de Compostela, Spain),
62

 respectively. Cells were cultured at standard 

conditions (37 °C, 5% CO2) in Dulbecco’s Modified Eagle Medium, DMEM, 

supplemented with 10% (v/v) FBS or HS and 1% (v/v) of penicillin/streptomycin, sodium 

pyruvate and nonessential amino acids (NEAAs). 

Cytotoxicity, Epifluorescence Microscopy and Flow Cytometry 

For the in vitro evaluation of the developed lipid-based nanocarriers, cells were 

seeded as follows: in 96-well plates (100 µL, 1 × 10
4
 cells/well) for cytotoxicity assays; 

on poly-L-lysine-coated glass coverslips (76 mm × 26 mm) placed inside 6-well plates 
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(3 mL, 1 × 10
5
 cells/well) for epifluorescence microscopy measurements; and in 12-well 

plates (2 mL, 4 × 10
4
 cells/well) for flow cytometry experiments, respectively.  

After 24 h of cell seeding, C3(C16His)2/MOG-siRNA lipoplexes were administered to 

cells in culture medium supplemented with 10% (v/v) HS instead of FBS. Then, 

lipoplexes formed at a concentration of 5, 40, and 100 pmol/well of antiGFP-siRNA 

were incubated with the cells for 48 and/or 72 h and cytotoxicity assays, flow cytometry 

and epifluorescence microscopy experiments performed. Lipo2000* at 0.25, 2, and 5 

µL/well and non-treated GFP-overexpressing cells were used as positive and negative 

controls, respectively. For flow cytometry experiments, non-targeting siRNA 

encapsulated in lipoplexes at a concentration of 2 µL/well of Lipo2000*, and free added 

antiGFP-siRNA were used as additional controls. 

The cytotoxicity of C3(C16His)2/MOG-siRNA lipoplexes were quantified by a 

colorimetric assay with the cell counting kit-8 (CCK-8) proliferation assay. After 48 and 

72 h of incubation, cells were washed with PBS and new medium without FBS or HS 

added containing 10% (v/v) of the CCK-8 reagent. After 2 h of incubation, absorbance 

at 450 nm was measured with an UV−vis microplate absorbance reader (Bio-Rad, 

model 689). For calculation of the % of cell viability, absorbance of the treated cells was 

normalized regarding the absorbance of non-treated ones. 

For epifluorescence microscopy measurements, cells were incubated with lipoplexes 

for 72 h. After washing with PBS twice, cells were fixed with 200 µL of 4% (w/v) 

paraformaldehyde for 10 min. Afterwards, the cell membrane was permeabilized with 

200 µL of 0.2% (w/v) Triton X-100. Then, the cells were washed again, stained firstly 

with DAPI (Invitrogen-Thermo Fisher) for nuclei for 10 min; washed again, and next the 

cell cytoplasm stained with Alexa Fluor 647 (Invitrogen-Thermo Fisher) for 20 min 

following an additional washing step. Finally, the cell-covered coverslips were mounted 

on glass slides and visualized after storage for 24 h at -20 °C with an epifluorescence 

Leica DMI6000B microscope equipped with a Leica AF6000 modular system and a 

DFC3665FX camera (Leica Microsystems GmbH, Heidelberg, Mannheim, Germany). An 

oil objective of 63x, and blue channel for DAPI (ex = 350 nm; em = 460 nm), far red 

channel for Alexa Fluor 647 (ex = 650 nm; em = 668 nm) and transmitted light in 

differential interference contrast (DIC) mode were used to capture the images. The % of 

GFP expression was obtained by the analysis of the fluorescence intensities using LAS X 

Life Science and ImageJ softwares following an established methodology previously 

detailed.
63

 Briefly, the selection of regions of interest (ROIs) considering well-defined 

cells was done in several microscopic images, and the fluorescent signal was 

normalized and quantified regarding the signal background.  

Finally, in flow cytometry experiments, harvested cells after 48 and 72 h of 

incubation were washed and resuspended in 200 µL of PBS three times (1,200 rpm for 4 

min). The analysis of GFP down-regulation was done in terms of the percentage of GFP 
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cells observed (% GFP), and the average of the fluorescence intensity per cell (mean 

fluorescence intensity, MFI). At least 5,000 events were counted using a Guava easyCyte 

HT System flow cytometer and GuavaSoft software. 

2.6. Protein Corona Studies 

The proteomic profile of proteins surrounding the surface of C3(C16His)2/MOG-

siRNA lipoplexes was analyzed through nanoLC-MS/MS. The procedure followed was 

fully detailed in a previous work.
43

 Briefly, the lipoplexes formed were incubated for 1 h 

at 37 °C in the presence of HS. After dithiothreitol reduction, iodacetamide alkylation 

and a recombinant trypsin digestion treatment overnight at 37 °C, peptides were 

eluted, concentrated and desalted in C18 reverse phase chromatography columns with 

acetonitrile/trifluoroacetic acid (ACN/TFA). Peptides are affinity-retained on C18 chains 

and recovered with 50% (v/v) ACN and 0.1% TFA (v/v). The samples were dried by 

vacuum centrifugation (SpeedVac, Savant) and reconstituted in 20 μL of formic acid for 

analysis by RP-LC-ESI-MS/MS in an EASY-nLC 1000 System coupled to the Q-Exactive 

HF mass spectrometer through the Nano-Easy spray source. There, samples were 

loaded into an Acclaim PepMap 100 Trapping pre-columm, separated and eluted on a 

NTCC C18 resin analytical column at a constant flow rate of 250 nL/min. Data 

acquisition was performed with a Q-Exactive HF mass spectrophotometer using an ion 

spray voltage of 1.8 kV. Then, the peptide identification from raw data was carried out 

using Sequest search engine through the Protein Discoverer 2.2 Software (Thermo 

Scientific). The percolator algorithm was used to estimate FDR < 1% for proteins 

identified with high confidence, and only protein identification based on mass spectra 

related to at least two unique peptides was considered. In the quantitative analysis of 

the proteins, the mean value of peptide-spectrum matches (PSMs) was normalized to 

the protein molecular weight (MW) in kDa and expressed as the relative percentage of 

proteins. 

3. Results and Discussion 

3.1. Electrochemical Study. Potential and Agarose Gel 

Electrophoresis 

In the present work, the GCL C3(C16His)2 was used in combination with the helper 

lipid MOG as a nanoplatform to introduce gene material into HeLa and T731 cancer 

cells in an efficient and safe manner. A molar fraction () with respect to the GCL of 0.2, 

which implies a larger content of the neutral helper lipid (MOG) in the mixture, was 

chosen since it was revealed as optimal in previous works with similar siRNA 
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nanocarriers.
38,43

 The efficiency of the siRNA nanovector relies on a siRNA packing-

unpacking mechanism conducted by the lipid mixture, which is responsible for the 

compaction of siRNA and its subsequent delivery inside the cells. The net charge of the 

lipoplex and the capacity of the nanocarrier to compact the siRNA molecule are 

probably among the most decisive factors to favor the transfection process. 

With respect to the electric charge, the anionic character of siRNA molecules is an 

important drawback to overcome since the cellular membrane is also negatively 

charged. The composition of the lipoplex at which its net charge changes from 

negative to positive, the so-called electroneutrality value, is a key information, since it 

marks the lower limit from which a lipoplex is potentially a suitable vector, strictly 

speaking from the point of view of the charge. Probably, the physico-chemical 

properties that allow us to obtain the electroneutrality value more accurately are either 

the electrophoretic mobility or the potential, measured as a function of the 
L siRNA

m /m  

ratio (at constant siRNA concentration), as reported in Figure 1a for C3(C16His)2/MOG-

siRNA lipoplexes. These plots usually show a sigmoidal profile with three zones (see 

schemes included in Figure 1a): (i) the zone of net negative charge, where there is an 

excess of anionic siRNA molecules; (ii) the electroneutrality region that contains the 

electroneutrality ratio, i.e., the 
L siRNA

m /m  value in which lipoplexes have a net 

potential (and, accordingly, the surface charge) equal to zero; and (iii) the zone of net 

positive charge, where there are cationic lipoplexes with the siRNAs already 

compacted, and usually in the presence of an excess of cationic liposomes when the 

ratio 
L siRNA

m /m  is high. A Boltzmann-type fit of the data in Figure 1a allowed us to 

determine the electroneutrality ratio of the lipoplexes at a mL/msiRNA = 5.7 ± 0.3. Using 

the protocol fully described previously,
56,64

 the electroneutrality ratio was used to 

determine the effective charge of C3(C16His)2, which was q
eff,GCL
+ = 1.4 ± 0.1, a 30% lower 

than the nominal one (+2). This decrease has been attributed to the delocalization of 

the electric charge along the aromatic rings of the functionalized histidine residues, 

although other factors such as the packing density of the lipid chains have been 

reported to influence on the protonation state of the lipid.
65

 This effect has also been 

observed in lipoplexes formed by the lipid mixture C3(C16His)2/DOPE and pDNA
26

 and 

in others lipoplexes that contain GCL lipids bearing the imidazolium ring in their 

structure.
56,66

 By contrast, the effective charge of siRNA is considered to be the same as 

its nominal one (q
eff, siRNA

-
= -2/bp), as reported in the literature for either linear DNA 

(with thousands of base pairs, as calf thymus or salmon sperm DNA)
56-58

 or short RNAs 

(with 19–25 bp).
38,67

 Considering these results, it can be concluded that the formation 

of lipoplexes is mainly driven by electrostatic forces between the oppositely charged 

cationic lipid and the anionic siRNA molecules. There is also an important entropic 

factor associated with the release of Na

 counterions to the bulk solution when the 

lipoplex is formed.
58,67-68

 The values of the effective charges allow us to work with 

effective charge ratios (eff) in the subsequent experiments: 



 
177 

Protein Expression Knockdown in Cancer Cells Induced by a Gemini Cationic Lipid 

Nanovector with Histidine-Based Polar Heads 

++
eff, GCL GCL GCL

eff - -

eff, siRNA siRNA siRNA

q (m /M )n
ρ = =

n q (m /M )
      (2) 

where +n , -n , q
eff,GCL
+ , q

eff, siRNA

-
, MGCL, and MsiRNA are the number of moles of positive 

(GCL) and negative (siRNA) charges, effective charges of GCL and siRNA per bp, and 

the molecular weight of GCL and siRNA per bp, respectively. 

 

Figure 1. (a) Plot of the potential vs mass ratio (mL/msiRNA) of C3(C16His)2/MOG-

siRNA lipoplexes at  = 0.2. (b) Agarose gel electrophoresis of the lipoplexes formed at 

selected mL/msiRNA (or eff) and  = 0.2 (2–4 lanes). Used as control: free siRNA (lane 1). 

With regard to the efficiency of C3(C16His)2/MOG mixed lipids to compact the 

nucleic acid, Figure 1b reports the results of the agarose gel electrophoresis 

experiment performed. In this experiment, the GelRed probe, which is present in the 

agarose gel, gets intercalated within the hydrophobic environment that represents the 

double-stranded helix of unprotected siRNA, increasing the probe quantum emission 

yield and, in turn, the intensity of its fluorescence emission. Thus, the characteristic 

fluorescent band seen in the first lane of the agarose gel, where the free siRNA was 

loaded as a control, helps to identify the uncompacted siRNA. Another fluorescent 

band is also visible in the second lane where the mass ratio mL/msiRNA is 2.7 (eff = 0.5). 

At higher lipid mixture contents (third and fourth lanes), the siRNA fluorescence band 

disappears, confirming the total compaction of siRNA by the C3(C16His)2/MOG lipid 

mixture once the electroneutrality ratio is overcome (eff > 1), which is in remarkably 

good agreement with potential results.  
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3.2. Structural Study. SAXS and Cryo-TEM 

Once the C3(C16His)2/MOG mixture was confirmed to compact adequately siRNA 

molecules, it was convenient to gain insight into the structure and aggregation pattern 

of the lipoplexes, another factor of critical importance for a successful transport, cell 

uptake, and delivery of the cargo materials inside the cells. In this regard, SAXS and 

cryo-TEM techniques have already revealed their power, mostly when they are used 

together. SAXS diffractograms (plots of intensities vs the momentum transfer vector, q) 

were obtained for C3(C16His)2/MOG-siRNA lipoplexes at eff = 4 and 10, and are 

collected in Figure 2a. These eff values were chosen to assure a good compaction level 

of the siRNA (eff > 1, see Figure 1b) and also because they were tested with successful 

results in other nanocarriers of pDNA or siRNA previously reported by us.
26,43

 As can be 

observed in Figure 2a, the Bragg peaks can be correlated with the Miller indexes of a 

lamellar Lα lyotropic liquid crystal phase ((hkl) = (100), (200) and (300)) in both 

conditions (blue labels in Figure 2a). This multilamellar arrangement can be interpreted 

as a sandwich-type structure with alternating bilayers of C3(C16His)2/MOG mixed lipid 

and an aqueous layer between each pair of lipid bilayers, where the siRNA molecules 

with their counterions are located. Cryo-TEM experiments, also run for the lipoplexes at 

eff = 10, confirmed the multilamellar arrangement found in SAXS diffractograms, as 

shown in the micrograph reported in Figure 2b as an example. One can observe in this 

micrograph an appreciable population of nanostructures with the walls clearly 

thickened and deformed (see arrows in the figure), revealing how the presence of 

siRNA induces liposome aggregation to form cluster-type lipoplexes. Figure 2c shows a 

chart of a zoom view of this aggregation pattern and a scheme of the overall lamellar 

Lα phase. The same multilamellar pattern was found in a previous study where 

C3(C16His)2 was combined with DOPE to transfect pDNA.
26

 However, this contrasts with 

the bicontinuous lyotropic liquid crystal cubic phases found by us for lipoplexes 

constituted by siRNA and a lipid mixture of an arginine-based cationic lipid and MOG.
43

  

Nanotube- or ribbon-type structures, found in some lipoplexes constituted by 

pDNAs and a lipid-based nanovector with amino acid residues in its structure
17,53

 

associated with low or zero levels of transfection, were not observed herein. As 

indicated in the scheme included in Figure 2c, the interlamellar distance (d) of the L 

phase (also known as the periodicity of the structure) can be expressed as the sum of 

the thicknesses of the lipid bilayer (dm) and the aqueous layer (dw). SAXS experiments 

allowed us to determine d from the q factors at which the Bragg peaks are found in the 

diffractograms (d = 2πn/qhkl, where n is the scattering order), as summarized in Table 1. 

As seen in this table, the interlamellar distance is not affected by the lipoplex 

composition (eff). Thus, an average value of (6.1 ± 0.3) nm has been obtained, in 

agreement with those found for other multilamellar lipoplexes previously reported.
18,26

 

On the other hand, dm was estimated around 4.5 nm from cryo-TEM micrographs 

where liposomes were found (see Figure 2d, as an example) and also with Tanford’s 
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model.
69-71

 Thus, dw was calculated (= d − dm) around 1.6 nm, a thickness suitable for 

the accommodation of siRNA in between cationic lipid bilayers.
38,72

 

 

Figure 2. (a) SAXS diffractograms of the C3(C16His)2/MOG-siRNA lipoplexes at  = 0.2 

and eff = 4 and 10 in the absence and presence of human serum (+ PC). (b) Cryo-TEM 

micrograph of the lipoplexes at eff = 10 and  = 0.2. (c) Scheme included the 

multilamellar structure of lipoplexes aggregated in cluster-type shapes. (d) Cryo-TEM 

micrograph of C3(C16His)2/MOG lipid mixture. Scale bars of micrographs at 200 nm. 

SAXS experiments were also carried out in the presence of HS (indicated with +PC 

in the diffractograms), with the aim of studying how the protein corona that surrounds 

the lipoplexes in a biological medium affects their structures. It is noticeable that the 

presence of proteins did not modify the original L lamellar structure (shown also in 

blue in Figure 2a), but favored the formation of an additional L lamellar phase at lower 

q values (shown in black in Figure 2a). Table 1 also reports the values of the 

interlamellar distance for these two structures. As can be noticed, d is not affected by 

the presence of proteins in the original L phase (d = 6.2 ± 0.3 nm), while it is longer 

for the secondary Lα structure (d = 10.8 ± 0.5 nm), corroborating that the proteins are 

most likely surrounding the lipoplex surface. It has been already reported in the 

literature that the incubation of lipoplexes in plasma or serum produces extra peaks in 

the SAXS diffractograms of pDNA-lipoplexes
73

 and siRNA-lipoplexes,
43

 which were also 

explained in terms of the coexistence of more than one lyotropic liquid crystal phases, 

with different levels of compaction. 

b) 

a) d) 

c) 
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Table 1. Values of the periodic distance of the lamellar structure, d, for 

C3(C16His)2/MOG-siRNA lipoplexes at  = 0.2 and (eff = 4 and 10 in the absence and 

presence of human serum (+ PC)). The primary L structure is in blue, and the 

secondary Lα structure is in black, the same color codes as in diffractograms (Figure 2). 

Values of qhkl (nm 
−1

) and dhkl (nm) are estimated with a 5% error. 

 = 0.2 C3(C16His)2/MOG-siRNA 

qhkl or dhkl eff = 4  eff = 4 (+ PC) eff = 10 eff = 10 (+ PC) 

q100 
- 0.6 - 0.6 

1.0 1.0 1.0 1.0 

d100 
- 10.6 - 10.8 

6.0 6.2 6.0 6.2 

q200 
- 1.1 - 1.2 

2.1 2.0 2.1 2.0 

d200 
- 10.9 - 10.8 

6.1 6.2 6.0 6.2 

q300 
- 1.7 - 1.7 

3.1 - 3.1 - 

d300 
- 10.9 - 10.8 

6.1 - 6.1 - 

 

3.3. In Vitro Studies 

To consider whether the formed lipoplexes can be useful as nanovectors for siRNA 

delivery into cells and their use in prospective in vivo applications, they must fulfill a 

series of conditions such as biocompatibility with cells and tissues, and controlled 

release of their cargo at the site of action, among others. In order to test the potential 

cytotoxicity of the present lipid-based nanocarriers, a preliminary evaluation of the in 

vitro cell viability of two different cancer cell lines in the presence of C3(C16His)2/MOG-

siRNA lipoplexes at eff = 4 and 10 was done by means of the CCK-8 proliferation assay. 

Figure 3 shows the % of cell viability of HeLa-GFP (a) and T731-GFP (b) cells after 48 

(unstriped bars) and 72 h (striped bars) of incubation in the presence of the different 

formed lipoplexes. Non-treated cells were considered as the negative control (100% of 

cell viability), and cells treated with the commercial transfecting reagent Lipo2000* 

were considered as the positive ones.  
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Figure 3. Percentage of cell viability of HeLa-GFP (a) and T731-GFP (b) cell lines in the 

presence of C3(C16His)2/MOG-siRNA lipoplexes (pink bars) at  = 0.2 and eff = 4 and 

10. The % of cell viability was normalized to those obtained for untreated cells. 

Unstriped and striped bars correspond to 48 and 72 h of incubation, respectively. The 

blue bar corresponds to commercial control Lipo2000*-antiGFP-siRNA, used here as 

positive control. The experiments were performed with 10% (v/v) of HS, the data 

represent the mean of three wells, and errors are within ± 5%. 

Viabilities above 80% for both types of lipoplexes (pink bars) were found in both cell 

lines, corroborating the excellent biocompatibility of the present lipid-based 

nanocarriers. This small cytotoxicity agrees with that typically found for other lipid 

nanostructures containing histidine and other amino acid-based moieties,
18,26,74-76

 an 

advantage that prompts the consideration of using these nanovectors in future in vivo 

applications. It is important to notice that viabilities of T731-GFP cells were slightly 

larger than those obtained for HeLa-GFP ones, in agreement with previous works.
43

 

This can be a consequence of the faster cell division cycle of T731 cells and the 

phenotype differences between both types of cell lines herein used.
77-78

 

Additionally, with the aim of assessing the potential gene knockdown activity of 

these cell-friendly gene nanocarriers, epifluorescence microscopy was used to monitor 

the fluorescence signal changes from overexpressed GFP in both cancer cell lines 

(HeLa-GFP and T731-GFP) upon 72 h of incubation of the lipoplexes in HS-

supplemented culture medium, which favors the PC formation around lipoplexes. For 

HeLa-GFP cells (Figure 4a), green channel and merged (green and bright-field 

channels) images were used to locate and analyze the GFP expression. From these 

images, no significant differences in the GFP fluorescence levels between the positive 

control Lipo2000*-antiGFP-siRNA (row 2) and the lipoplexes formed at eff = 4 (row 3) 

were detected; moreover, relevant decreases in GFP fluorescence were observed 

a) b) 
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(higher knockdown activity) for those lipoplexes formed at eff = 10 (row 4). ImageJ 

software was used to make a semi-quantitative estimation of the silencing activity of 

the lipid-based nanocarriers by measuring the remaining GFP fluorescence intensity 

after treatment. In this regard, values of 57, 68 and 12% of the initial fluorescence 

shown by non-treated cells were obtained for the Lipo2000*-antiGFP-siRNA control 

and lipoplexes formed at eff = 4 and 10, respectively. Similar % GFP values were found 

in additional images analyzed (Figure S1 in the Supporting Information, SI). 

Flow cytometry analysis was carried out to make a quantitative analysis that 

confirms the trends observed with epifluorescence images. Figure 4 shows MFI 

(unstriped bars) and % GFP (striped bars) values of HeLa-GFP cells obtained at 48 

(Figure 4b) and 72 h (Figure 4c) post-incubation with Lipo2000*-antiGFP-siRNA 

(positive control, blue bars) and C3(C16His)2/MOG-antiGFP-siRNA lipoplexes (at ρeff = 4, 

light pink bars, and ρeff = 10, dark pink bars). Free added antiGFP-siRNA (gray bars) and 

a non-targeting siRNA sequence compiled to Lipo2000* (Lipo2000*-non, purple bars) 

were used as additional controls. From Figure 4, it is clear that there was need for a 

vector-assisted delivery strategy to protect siRNA from nuclease degradation in the 

biological environment in order to exert its knockdown activity, as confirmed by the 

absence of any sign of decrease in MFI and % GFP values in these GFP-overexpressing 

HeLa cells (untreated cells, green bars) after administration of free antiGFP-siRNA. Also, 

the reduction of the MFI (or % GFP value) was a consequence of the antiGFP-siRNA 

sequence, since the cells treated by the non-targeting siRNA showed the same values 

of MFI or % GFP as the untreated ones. It is also remarkable in Figure 4 that there is a 

relatively noticeable knockdown activity of C3(C16His)2/MOG-siRNA lipoplexes formed 

at eff = 10 after 48 h of incubation, with decreases of ca. 33 and 20% in MFI and % 

GFP, respectively (Figure 4b), which are rather similar to those obtained with the 

standard Lipo2000* control. Conversely, the inhibitory effect of lipoplexes formed at eff 

= 4 was less intense, with reductions around 8–12% for both quantities. At longer 

incubation times (72 h), the gene silencing effect was much more intense (Figure 4c). 

Silencing activities of ca. 25 and 17% in MFI and % GFP, respectively, were detected for 

C3(C16His)2/MOG-siRNA lipoplexes formed at eff = 4, while these values increase to 66 

and 57% at eff = 10. For the latter, the achieved knockdown activity is almost two-fold 

larger compared to that of the Lipo2000* positive control. 
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Figure 4. (a) Epifluorescence microscopy images: Merged images (bright-field (BF) + 

green fluorescence channel (left)) and green fluorescence channel (right) for HeLa-GFP 

cells treated with C3(C16His)2/MOG-siRNA lipoplexes ( = 0.2; eff = 4 and 10) and 

Lipo2000*-antiGFP-siRNA as positive control, after 72 h of incubation. Scale bars are 50 

μm, except untreated cells which are 10 μm. GFP knockdown levels expressed as MFI 

(unstriped bars) and % GFP (striped bars) for HeLa-GFP cells at 48 (b) and 72 h (c) of 

incubation. Cells treated by the lipoplexes were collected at  = 0.2 and eff = 4 (light 

pink bars) and 10 (dark pink bars). Untreated cells were used as a reference of the 

highest MFI and % GFP value. Free siRNA and Lipo2000*-non-targeting siRNA were 

used as negative controls (gray and purple bars, respectively) while Lipo2000*-antiGFP-

siRNA was used as positive control (blue bars). All experiments were performed with 

10% (v/v) of HS. The data represent the mean ± SD of three independent wells. 

On the other hand, the gene knockdown activity of the developed lipid-based 

nanocarriers was additionally tested in the T731-GFP mice astrocyte cell line (Figure 5). 

Firstly, % GFP values were obtained from epifluorescence microscopy images using 

ImageJ to have a better definition of the protein signal distribution inside the cells, as 

mentioned previously. In this case, different channels were used to define the signals 

from several cell components, that is, the GFP signal appeared in the green channel 
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(Figure 5a, first column), cell nuclei in the blue one (Figure 5a, second column), the 

actin filaments of the cell cytoplasm in the red one (Figure 5a, third column), and the 

complete cell morphology in bright-field (Figure 5a, forth column). Calculated % GFP 

values were 87, 69 and 40% for cells treated with Lipo2000*-antiGFP-siRNA and 

C3(C16His)2/MOG-siRNA lipoplexes at eff = 4 and 10, respectively. Similar percentages 

were obtained in additional analyzed images (Figure S2 in the SI). These results 

corroborate the observed clear existence of an effective knockdown activity of 

C3(C16His)2/MOG-siRNA lipoplexes, especially when compared to the commercial 

Lipo2000* transfecting reagent. 

According to flow cytometry analysis, and in contrast to the observations with HeLa-

GFP cells, no apparent decreases in GFP fluorescence (neither in MFI or % GFP) were 

observed for Lipo2000*-antiGFP-siRNA when compared to untreated T731-GFP cells 

after 48 h of incubation. Conversely, the % GFP signal was largely reduced for 

C3(C16His)2/MOG-siRNA lipoplexes at eff = 4 and 10 in ca. 25 and 37%, respectively 

(Figure 5b), thanks to the silencing activity of siRNA in an important number of cells, 

although those still fluorescently active have large amounts of overexpressed GFP. 

However, at longer incubation times (Figure 5c), the opposite trend was noted: MFI 

signals decreased in the presence of C3(C16His)2/MOG-siRNA lipoplexes (at both 

conditions eff = 4 and 10) by ca. 24%, but not for the Lipo2000*-antiGFP-siRNA 

control, whereas % GFP kept constant at ca. 99% in all cases. This trend may arise from 

a balance between the well-sustained knockdown activity of the siRNA complexed in 

the nanovectors and the faster division cycle of T731-GFP cells, which favors a 

progressive increment in the number of fluorescently-active cells bearing a lower 

intensity, a consequence of the splitting of the active siRNA between the dividing cells. 

This behavior, already observed in previous works using this cell line
43

 clearly reveals 

the role played by cell phenotype in cell viability (see Figure 3b), nanovector uptake 

and internalization, and subsequent therapeutic efficiency.
79
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Figure 5. (a) Epifluorescence microscopy images for T731-GFP cells treated with 

C3(C16His)2/MOG-siRNA lipoplexes ( = 0.2; eff = 4 and 10) and Lipo2000*-antiGFP-

siRNA as control, after 72 h of treatment. Images were collected in different channels of 

fluorescence signals and the overlapping of them. Scale bars are 75 μm. GFP 

knockdown levels expressed as MFI (unstriped bars, left y-axis) and % GFP (striped bars, 

right y-axis) in T731-GFP cells at 48 (b) and 72 h (c) of incubation. Cells treated by the 

lipoplexes were collected at  = 0.2 and eff = 4 (light pink bars) and 10 (dark pink 

bars). Untreated cells were used as a reference of the highest MFI and % GFP value. 

Free siRNA and Lipo2000*-non-targeting siRNA were used as negative controls (gray 

and purple bars, respectively) while Lipo2000*-antiGFP-siRNA was used as positive 

control (blue bars). All experiments were performed with 10% (v/v) of HS. The data 

represent the mean ± SD of three independent wells. 

In conclusion, considering all the in vitro results above presented, it can be 

remarked the noticeable gene knockdown capacity of the C3(C16His)2/MOG-siRNA 

lipoplexes herein studied, particularly at eff = 10 in both cancer cell lines, is in 
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agreement with what we have recently published for an arginine-based siRNA 

nanocarrier.
43

 Therefore, it seems there is a correlation between larger GFP expression 

inhibition and higher lipid content in the siRNA nanocarrier, without this implying an 

enhancement in its cytotoxicity, as herein demonstrated. Furthermore, it is worth 

noting that the C3(C16His)2 gemini cationic lipid used in this work mixed with MOG also 

demonstrated high efficiency in transfecting a pDNA, which in that case mixed with 

DOPE.
26

 These two evidences support the GCLs or CLs functionalized with histidine-

based head groups a compelling and striking versatility in the gene therapy field. 

Certainly, the delocalized cationic charge in both head groups of the GCL can promote 

strong electrostatic interactions with the anionic nucleic acids, enabling effective 

compaction and protection of the cargo by the lipid-based nanocarrier. Undoubtedly, 

the fusogenic properties of either MOG or DOPE (the helper lipids) are also key to 

facilitating the endocytic entry of the genetic material into the cell. However, the 

present satisfactory results obtained in vitro might not necessarily translate to an in 

vivo environment since its biological complexity can affect the capabilities and 

properties of the nanocarrier. In fact, many nanosystems with promising in vitro 

outcomes, then fail in in vivo tests because the conditions of the biomimicked 

physiological environment are different from those of the real physiological 

environment, being the high presence of proteins one of its most outstanding 

peculiarities. For this reason, the last part of this study will be focused on the 

identification of the proteins with higher affinity for the surface of C3(C16His)2/MOG-

siRNA lipoplexes. 

3.4. Protein Corona Characterization 

As already commented, once the lipoplexes are in contact with human plasma, the 

proteins attached to the surface will strongly influence their biological behavior. After 

all, what cells firstly see is not the lipoplex surface but the PC adsorbed on it (see 

scheme on Figure 6a). As a result, it becomes of utmost importance the analysis of the 

protein corona (PC) to determine its nature and composition. The C3(C16His)2/MOG-

siRNA lipoplexes were thus analyzed by nanoLC-MS/MS at the most promising gene 

knockdown condition found in vitro, eff = 10, after 1 h of incubation with HS. The 

relative percentages of the distinct proteins were determined and, in turn, proteins 

were classified according to their molecular weight (MW), isoelectric point (pI), and 

physiological function, as shown in Figure 6 (see also Table S1 in the SI). Figure 6b 

indicates that proteins with low molecular weight (< 50 kDa) were preferentially 

adsorbed onto the nanocarrier surface (~70%), and only ~9% of the total amount of 

adsorbed proteins presented molecular weights above 150 kDa. On the other hand, 

C3(C16His)2/MOG-siRNA lipoplexes exhibited strong affinities by proteins with a pI 

below 7, as can be inferred in Figure 6c. The fact that about 70% of adsorbed proteins 

showed negative charge at physiological pH is in agreement with the hypothesis that 
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the PC formation is mostly driven by electrostatic interaction between negatively 

charged proteins and cationic lipids, as observed in previous PC studies.
43,50

 

 

Figure 6. (a) Scheme depicting protein corona formation (PC). Percentage of the 

proteins found within the protein corona (PC) of C3(C16His)2/MOG-siRNA lipoplexes at 

 = 0.2 and eff = 10, classified by their molecular weight, MW in kDa (pie chart b), by 

their isoelectrical point, pI (pie chart c) and by their physiological function (pie chart d). 

Finally, the classification made according to the physiological function revealed that 

the PC formed around the lipoplexes is mainly comprised of lipoproteins, acute phase, 

and immunoglobulins proteins (35, 21 and 16% respectively). In contrast, tissue 

leakage, coagulation, and complement proteins were found in a considerable minor 

proportion (3, 7 and 10%, respectively). Lipoproteins are involved in intracellular 

trafficking and can promote longer bloodstream circulation times, while 

immunoglobulins and acute phase proteins are related to immune and inflammatory 

responses. The complement proteins usually favor the elimination of nanocarriers from 

the systemic circulation, while coagulation proteins are involved in the coagulation 

process.
80-81

 A further classification based on the percentage of total proteins identified 

for each functional class is displayed on Figures S3 and S4, while the top 25 most-

abundant corona proteins are collected in Table 2. Within the lipoproteins, 

apolipoproteins A-I and A-II are the most abundant (13 and 7%, respectively), followed 

a) b) 

c) d) 
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by serum albumin (5%). Owing to their capacity to prolong the circulation time in the 

bloodstream and their implication in the metabolism and transport of cholesterol, 

these proteins are recognized as dys-opsonins. Although factors governing protein 

corona composition are still under discussion, the composition above described could 

help in explaining the notable knockdown silencing activity displayed by 

C3(C16His)2/MOG-siRNA lipoplexes. Thus, the combination of a moderate content of 

lipoproteins (ApoA-I and ApoA-II in particular) and a low content of complement 

proteins could be favoring a longer circulation of the present lipid-based nanocarriers 

in the bloodstream and a lower interaction with phagocytic cells,
82

 which could justify, 

at least in part, the good silencing outcomes herein obtained; nevertheless, more 

specific studies in this regard would be necessary. 

Table 2. Top 25 most-abundant proteins present in the protein corona surrounding 

C3(C16His)2/MOG-siRNA lipoplexes surfaces at  = 0.2 and eff = 10.  

# Description % 

1 Apolipoprotein A-I 12.85 

2 Apolipoprotein A-II 7.39 

3 Serum albumin 5.38 

4 Ig kappa constant 3.73 

5 Ig lambda constant 2 3.13 

6 Alpha-1-antitrypsin SV = 3 2.97 

7 Alpha-1-antitrypsin SV = 1 2.94 

8 Apolipoprotein A-IV 2.90 

9 Complement C3 2.89 

10 Apolipoprotein E 1.99 

11 Apolipoprotein C-III 1.81 

12 Complement C4-B 1.72 

13 Complement C4-A 1.67 

14 Ig heavy constant mu 1.62 

15 Trypsin 1.54 

16 Apolipoprotein C-I 1.35 

17 Retinol-binding protein 4 1.34 

18 
APOC4-APOC2 readthrough (NMD 

candidate) 
1.31 

19 Serotransferrin 1.25 

20 Apolipoprotein B-100 1.22 

21 SAA2-SAA4 readthrough 1.19 

22 Haptoglobin 1.17 

23 Vitronectin 1.10 

24 Isoform 2 of Clusterin 1.09 

25 Ig lambda-like polypeptide 5 1.05 
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Additionally, it is remarkable the similarity between the global composition of the 

PC of C3(C16His)2/MOG-siRNA lipoplexes studied in this work (reported in Figure 6) and 

that found in a previous one reported by our group for an arginine-based lipid vector 

that, mixed with MOG and siRNA, yielded C12ANHC18/MOG-siRNA lipoplexes.
43

 In both 

cases, the cationic lipid (CL or GCL) incorporated a functionalized amino acid residue in 

its structure, either arginine or histidine type. In both cases, moderate or even high 

silencing efficiencies were found in the same cell lines (HeLa-GFP and T731-GFP). What 

differs in these two systems is the structure that the lipid mixture adopted when the 

siRNA was compacted to form the lipoplexes. In the case of C12ANHC18/MOG-siRNA 

lipoplexes, two coexisting bicontinuos lyotropic liquid crystal cubic phases were found 

in SAXS experiments,
43

 while in the present case, SAXS results have demonstrated that 

C3(C16His)2/MOG-siRNA lipoplexes arranged in two coexisting Lα lamellar phases. 

Taking all these evidences into account, it could be affirmed that, even assuming that 

the lipoplex structure could have an important weight in the efficiency of the 

transfection and/or silencing process, as it has been admitted until now, the nature of 

the proteins adsorbed on the surface lipoplex (i.e., PC composition) might have a 

critical influence in their biological response, as demonstrated in previous works.
83-84

 In 

addition, it seems that the introduction of amino acid residues on the cationic head of 

the lipid-based nanovector somehow conditions the adsorption of those proteins that 

tend to favor the permanence of the gene nanocarrier in the bloodstream, thus 

promoting the transfection/silencing process, although more specific assays would be 

necessary to affirm it unambiguously. 

4. Conclusion 

The gemini cationic lipid with functionalized histidine groups in its structure, 

C3(C16His)2, in combination with the neutral helper lipid MOG ( = 0.2), has 

demonstrated in this work its potential to compact, protect and transfect siRNA in two 

GFP overexpressing cancer cell lines (HeLa-GFP and T731-GFP), provoking in turn the 

GFP knockdown with efficiency and cell-safety. This affirmation is based on the 

biophysical study herein presented that has combined both physicochemical and 

biochemical experiments to understand the interactions between siRNA and the lipids; 

the structural patterns of the resulting lipoplexes; and their capacity to cross the 

cellular membrane, deliver the nucleic acid in the cellular cytoplasm, and knockdown 

the GFP expression. The histidine-based GCL provided the necessary positive and 

delocalized charge to compact the anionic siRNA molecules by means of a strong 

electrostatic interaction with an important entropic component associated with the 

release of Na

 counterions to the bulk. It was also demonstrated that C3(C16His)2/MOG-

siRNA lipoplexes were arranged in a Lα lamellar lyotropic liquid crystal phase, in 

coexistence with an additional Lα phase at lower q values when the lipoplexes were 

incubated with HS, this second lamellar phase being compatible with a less compacted 
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structure where the proteins of HS were surface-adsorbed. This coexistence of phases 

could favor once again the uptake of the lipoplex by the cell, revealing a structure-

activity relationship in the GFP knockdown evidences found. On the other hand, 

C3(C16His)2/MOG-siRNA lipoplexes displayed an excellent biocompatibility in both 

HeLa-GFP and T731-GFP cells. Moreover, they efficiently induced GFP knockdown in 

both cell lines, with even better outcomes than those shown by the standard 

Lipo2000*-siRNA, eff = 10 being the most promising lipoplex composition. The PC 

surrounding the lipoplex surface was confirmed to be mainly composed by proteins 

with pI less than 7 (as expected for cationic nanoaggregates) and with MW lower than 

50 kDa. Furthermore, it was found that the most abundant proteins were 

apolipoproteins (A-I and A-II) and serum albumin, while complement proteins were 

found in low percentages. This particular combination may help in explaining the 

remarkable knockdown activity of C3(C16His)2/MOG-siRNA lipoplexes in terms of a 

longer circulation time of the nanocarrier in the bloodstream and a lower interaction 

with phagocytic cells, although more specific studies would be required in this respect. 

Finally, comparing the results herein obtained with previous studies (above referenced), 

it can be also concluded that the GCL C3(C16His)2, with histidine-based polar heads, can 

be recommended as a versatile and promising option in both gene transfection (pDNA) 

and gene silencing (siRNA) strategies. 
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Protein Expression Knockdown in Cancer Cells 

Induced by a Gemini Cationic Lipid Nanovector 

with Histidine-Based Polar Heads 

Additional epifluorescence microscopy images for HeLa-GFP and T731-GFP cell lines 

and additional information of protein corona results: relative percentage of proteins 

classified by their physiological function, MW and pI; classification of the most and 

least abundant proteins found in the PC surrounding C3(C16His)2/MOG-siRNA 

lipoplexes surfaces.    
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Nanovector with Histidine-Based Polar Heads 

1. In Vitro Studies 

 

Figure S1. Epifluorescence microscopy images: merged images (bright-field (BF) + 

green fluorescence channel (left)) and green fluorescence channel (right) for HeLa-GFP 

cells treated with C3(C16His)2/MOG-siRNA lipoplexes (= 0.2; eff = 4 and 10) in the 

presence of 10% (v/v) of HS, after 72 h of incubation. Scale bars are 50 μm. The % GFP 

values estimated by ImageJ were 52 and 48% at eff = 4 (row 1 and 2, respectively) and 

14 and 16% at eff = 10 (row 3 and 4, respectively). 
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Figure S2. Epifluorescence microscopy images for T731-GFP cells treated with 

C3(C16His)2/MOG-siRNA lipoplexes (= 0.2; eff = 4 and 10) in the presence of 10% (v/v) 

of HS, after 72 h of incubation. Images were collected in different channels of 

fluorescence signals and the overlapping of them. Scale bars are 50 μm. The % GFP 

values estimated by ImageJ were 69% at eff = 4 (row 2) and 31% at eff = 10 (row 3). 

2. Protein Corona Characterization 

Table S1. Relative percentage of proteins classified by their physiological function, by 

their MW in kDa and by their pI about pie charts in Figure 6. 

Physiological Function %  MW %  pI % 

Lipoproteins 34.98  >300 1.35  >9 0.32 

Acute-phase 20.95  150-300 7.41  08_09 15.26 

Immunoglobulins 16.48  100-150 3.41  07_08 14.84 

Tissue Leakage 3.17  80-100 1.45  06_07 32.18 

Coagulation 6.67  70-80 3.64  05_06 36.63 

Complement 10.47  60-70 7.45  <5 0.76 

Others 7.27  50-60 6.88    

   40-50 17.17    

   30-40 19.40    

   20-30 10.03    

   <20 21.81    
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Figure S3. Classification of the most abundant proteins (lipoproteins, acute-phase and 

immunoglobulins proteins) found in the protein corona surrounding C3(C16His)2/MOG-

siRNA lipoplexes surfaces. 
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Figure S4. Classification of the proteins that constitute a minor fraction (tissue leakage, 

coagulation, complement and other proteins) present in the protein corona 

surrounding the C3(C16His)2/MOG-siRNA lipoplexes surfaces.  
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Abstract:  

Ample evidence exists on the role of interleukin-12 (IL-12) in the response against 

many pathogens, as well as on its remarkable antitumor properties. However, the 

unexpected toxicity and disappointing results in some clinical trials are prompting the 

design of new strategies and/or vectors for IL-12 delivery. This study was conceived to 

further endorse the use of gemini cationic lipids (GCLs) in combination with zwitterionic 

helper lipid DOPE (1,2-dioleoyl-sn-glycero-3-phosphatidyl ethanol amine) as 

nanovectors for the insertion of plasmid DNA encoding for IL-12 (pCMV-IL12) into 

cells. Optimal GCL formulations previously reported by us were selected for IL-12-

based biophysical experiments. In vitro studies demonstrated efficient pCMV-IL12 

transfection by GCLs with comparable or superior cytokine levels than those obtained 

with commercial control Lipofectamine2000*. Furthermore, the nanovectors did not 

present significant toxicity, showing high cell viability values. The proteins adsorbed on 

the nanovector surface were found to be mostly lipoproteins and serum albumin, which 

are both beneficial to increase the blood circulation time. These outstanding results are 

accompanied by an initial physicochemical characterization to confirm DNA 

compaction and protection by the lipid mixture. Although further studies would be 

necessary, the present GCLs exhibit promising characteristics as candidates for pCMV-

IL12 transfection in future in vivo applications. 
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1. Introduction 

Interleukin 12 (IL-12) is a promising cytokine in clinical applications due to its 

biological properties. Considered as a pro-inflammatory cytokine, IL-12 is formed by 

two covalently linked subunits (a 35-kDa light chain and a 40-kDa heavy chain). It is 

majorly produced by dendritic cells (DC) and phagocytic cells (monocytes, 

macrophages and neutrophils) in response to pathogens. Although its mechanism of 

action is quite complex, scientific studies have contributed greatly to understanding its 

biological role.
1-3

 It is clearly one of the main species responsible for the induction and 

differentiation of cell-mediated immunity.
4
 IL-12 increases the activation of cytotoxic T 

and natural killer (NK) cells and induces the production of other cytokines such as 

interferon-γ (IFN-γ).
5
 IL-12 has also a critical role in T helper 1 (TH1) response and 

favors the differentiation and maturation of adaptive immune cells.
6
 An efficient and 

permanent TH1 response seems to be key in autoimmune diseases and/or against 

infections.
7-8

 It has been found that IL-12 expression is rapidly increased by viral 

infections, such as those caused by hepatitis B virus or human immunodeficiency virus 

(HIV).
9
 Nowadays, the most seriously ill patients infected by severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) present abnormal levels of certain cytokines, IL-

12 among others.
10

 Clinical treatments of COVID-19, the disease caused by SARS-CoV-

2 that, at the time of writing this paper, has brought the world to a halt, focus on 

reducing the levels of pro-inflammatory cytokines. For instance, mesenchymal stem 

cells (MSCs) have been proposed for the reduction of IL-12 levels.
11

  However, COVID-

19 seems to be induced not only by an overproduction of inflammatory cytokines, but 

also by a depletion of antiviral defenses related to the innate immune response.
12

 

Therefore, to counteract this viral infection, the use of treatments able to either 

increase the innate immune response or favor differentiation in the adaptive immune 

response (with a preventive vaccine) is essential.
13

 Among the vaccines under 

development, one based on DNA vaccine technology
14

 (which is in the clinical trial 

phase) combines co-delivery assisted by injection and followed by electroporation of 

two plasmids DNA (pDNA), one encoding for the SARS-CoV-2 spike (S) protein and the 

other for IL-12 (pIL-12). At least transiently, mice injected with both pDNAs showed an 

increase of the total neutralizing antibodies detected against SARS-CoV-2 relative to 

those injected with only pDNA encoding for the SARS-CoV-2 spike (S) protein.
15

 

On the other hand, IL-12 is also interesting for its anti-tumor activity. This cytokine 

activates different pathways in resistance to tumor growth where innate and adaptive 

immune cells and others pro-inflammatory cytokines, such as IFN-γ, are involved.
16

 The 

IFN-γ production induced by IL-12 exerts toxic effects on tumor cells and activates 

potent anti-angiogenic mechanisms.
17

 Therefore, scientists have been interested in the 

use of IL-12 as a candidate for tumor immunotherapy.
18

 Many IL-12 delivery strategies 

have been successfully carried out in different animal models.
18-19

 However, the 
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encouraging results found in in vivo models have not been confirmed in clinical trials. 

In fact, in initial studies, the observed toxicity levels were completely unexpected after 

systemic dosage with recombinant IL-12.
20

 One of the principal approaches to deliver 

IL-12 is based on gene therapy strategies, where a polynucleotide encoding for IL-12 is 

introduced into the tumorous cell by viral (e.g., adenovirus,
21

 retrovirus,
22

 and 

alphavirus
23

) or non-viral vectors (e.g., polymers,
24

 cationic lipids, CLs,
25

 and 

lipopolymers).
26

 Alternatively, pDNA encoding for IL-12 has also been intratumorally or 

intramuscularly injected followed by electroporation.
27

 Promising approaches have 

combined IL-12 gene therapies with other therapeutic modalities. For instance, all-

trans-retinoic acid has been applied with cationic liposomes/pIL-12, resulting effective 

for the inhibition of metastatic lung tumors in mice.
28

 Nowadays, improved techniques 

and novel vectors for IL-12 delivery that allow IL-12 production to be restricted and 

sustained at the tumor site are required.
19

 IL-12-based gene therapies seem to be a 

safe option for local and prolonged production of IL-12, reducing the adverse effects 

provoked by the stimulation of IFN-γ. However, the immunosuppressive tumor 

microenvironment in humans limits the clinical efficiency of IL-12. Therefore, during the 

design of nanocarriers for IL-12, it is necessary to consider the different biological 

environments where IL-12 will be delivered. In addition, the possible interactions with 

biomolecules present in those media must be taken into account. For instance, it is 

well-known that opsonin proteins trigger an immune response and condition the 

circulation time of vectors.
29-30

 Indeed, nanomedicine focuses on the protein coating 

around nanomaterials, named protein corona (PC), which provides the nanovector with 

a new biological identity and determines its target.
31-36

  

With all this in mind, the present work was envisioned to design alternative non-

viral vectors for pIL-12 and evaluate the influence of the adhered proteins in a 

biological environment. To achieve this aim, a series of gemini cationic lipids (GCLs) 

previously developed in our group as very efficient and safe non-viral vectors of a 

plasmid encoding for the green fluorescent protein (pEGFP-C3)
37-39

 are here proposed 

to transfect a reporter gene (encoding for luciferase) and a therapeutic gene (encoding 

for pro-inflammatory cytokine IL-12)  to living cells. GCLs (twin lipid blocks each 

formed by a long hydrocarbon chain linked to a positively charged head and further 

joined by a spacer) are a well-known group of cationic nanovectors that have widely 

demonstrated their potential in gene transfection.
40-42

 Their low toxicity and broad 

structural versatility (due to possible changes in the polar heads and/or the 

hydrocarbon chains and/or the spacer) are their principal advantages.
43-45

 In addition, 

their fusogenic properties with cell membranes can be enhanced by combination with 

a coadyuvant zwitterionic lipid, i.e., 1, 2-dioleoyl-sn-glycero-3-phosphatidyl ethanol 

amine, DOPE. In particular, the GCLs used in this work are: i) 1,2-bis(hexadecyl dimethyl 

imidazolium) trioxyethylene
37

 (hereinafter denoted as GCL1); ii) 1,2-bis(hexadecyl 

imidazolium) dialkane
38

 (GCL2); and iii) 1,2-bis(hexadecyl dimethyl ammonium) 

trioxyethylene
39

 (GCL3) (see Scheme 1 for structural details).  
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Scheme 1. Molecular structure of (a) GCL1, (b) GCL2 and (c) GCL3. The molecular 

structure of the zwitterionic lipid DOPE is shown in (d). 

The lipid mixtures were completed in all cases with the addition of zwitterionic lipid 

DOPE at the optimal ratio for each lipoplex, i.e., those at which the resulting lipoplexes 

show low cytotoxicity and the best transfection efficiency, even superior to that 

obtained with the universal control Lipofectamine2000*.
37-39

 The lipoplexes formed with 

the lipid mixtures and the pDNAs herein used were initially physico-chemically 

characterized by -potential, agarose gel electrophoresis and cryo-transmission 

electron microscopy (cryo-TEM) analyses. These experiments were carried out: i) to 

confirm the DNA complexation, ii) to evaluate the DNA compaction and protection 

ability of the lipid mixture, and iii) to determine the morphology and structure of the 

lipoplexes. Secondly, nano-liquid chromatography/mass spectrometry (nanoLC-

MS/MS) was used to determine the nature of the PC formed around the lipoplexes 

incubated in human serum (HS). This provides valuable information on the preferences 

of the lipoplex surface toward human proteins. Since the lipoplexes must be cell-

friendly, alamarBlue assays were performed in selected cell lines to evaluate the cell 

viability. The transfection efficiency of the vectors was firstly determined with 

luminometry using pDNA encoding for a luciferase protein. Finally, enzyme-linked 

immunosorbent assays revealed the transfection capacity of pDNA encoding for IL-12 

achieved by the chosen vectors. Therefore, this study highlights the capacity of GCL-

type nanovectors to transfect this promising cytokine, in an attempt to contribute to 

a) b) 

d) 

c) 
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the advancement of delivery techniques for IL-12 that could in turn improve the results 

obtained so far in clinical trials and/or in in vivo applications. 

2. Materials and Methods 

2.1. Materials 

The synthesis of GCLs has been previously reported.
37-39

 Zwitterionic lipid DOPE was 

supplied by Avanti Polar Lipids, Inc. (Alabaster, AL, USA). The transfection efficiency was 

determined using two plasmids: (i) pCMV-Luc VR1216 plasmid DNA (6934 bp) 

encoding for luciferase (pCMV-Luc), which was supplied by Clontech Laboratories (Palo 

Alto, CA, USA) and amplified in E. coli, using a Qiagen Plasmid Giga Kit (Qiagen GMBH, 

Hilden, Germany); and (ii) therapeutic pCMV-interleukin-12 (5500 bp) encoding for 

interleukin-12 (pCMV-IL12), which was kindly donated by Dr. Chen Qian (University of 

Navarra, Pamplona, Spain). Dulbecco’s modified Eagle’s medium (DMEM) high glucose 

+ Gluta-MAX was supplied by Gibco-ThermoFisher (Waltham, MA, USA). Human serum 

(HS) was used as received from Sigma-Aldrich (St. Louis, MO, USA). The commercial 

control Lipofectamine2000* Transfection Reagent, abbreviated as Lipo2000*, was 

purchased from Invitrogen-ThermoFisher (Waltham, MA, USA). 

2.2. Preparation of Lipoplexes 

In order to obtain the desired GCL molar composition in the mixed lipids (), 

corresponding amounts of each GCL and zwitterionic lipid DOPE were dissolved in 

chloroform and, finally, dry lipid films were formed by evaporation of the solvent under 

high vacuum. These dry films were hydrated and homogenized in N-(2-

hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES)-buffered medium (40 mM, pH 

= 7.4) by alternating vortex/sonication cycles. The obtained multilamellar lipid mixtures 

were passed through a sequential extrusion procedure detailed elsewhere to obtain 

unilamellar lipid mixtures with ~100 nm of size.
46

 Different amounts of these solutions 

were combined with specific amounts of pDNA to form lipoplexes at specific effective 

charge ratios (eff). Depending on the experimental technique, the pDNA stock solution 

concentration varied as follows: 0.1 mg/mL for -potential and agarose gel 

electrophoresis, 0.2 mg/mL for cryo-TEM and protein corona studies, and 0.1 µg/mL for 

biological experiments. 
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2.3. Physicochemical Characterization Methods 

The -potential of the GCL/DOPE-pDNA lipoplexes was determined at 25 ºC 

through the electrophoretic mobility measured by the phase analysis light scattering 

technique (Zeta PALS, Brookhaven Instruments Corp., Holtsville, USA) following a 

procedure fully described elsewhere.
47-48

 The experimental conditions were 1.33 of 

dispersant refractive index of water, 0.9 cP of viscosity, and 78.5 of dispersant dielectric 

constant. The particle size of lipoplexes was determined from dynamic light scattering 

(DLS) measurements carried out on a particle analyzer Zeta Nano Series (Malvern 

Instruments, Barcelona, Spain). Both properties, -potential and particle size, were 

calculated as the average of 50 and 30 independent measurements, respectively, as a 

function of the mass ratio between the lipid mixture and pDNA (mL/mpDNA) or effective 

charge ratio (eff), given by equations 1 and 2: 

0L pDNA GCL pDNAL
m /m = (m +m )/m      (1) 

being mL, mGCL, mL
0
 and mpDNA the masses of the total mixed lipid, GCL, zwitterionic 

lipid (DOPE), and pDNA, respectively. 

++
eff,GCL GCL GCL

eff - -

eff,pDNA pDNA pDNA

q (m /M )n
ρ  =  =

n q (m /M )
     (2) 

where n
+
, n

-
, q

eff,GCL
+ , q

eff,pDNA
− , MGCL and MpDNA are the number of moles of positive 

(GCL) and negative (pDNA) charges, effective charges of GCL and pDNA per bp, and 

the molecular weight of GCL and pDNA per bp, respectively. 

Agarose gel electrophoresis was used to determine the capacity of the lipid 

mixtures to compact and protect pDNA. To evaluate DNA compaction, lipoplexes were 

formed and loaded in agarose gel (0.8% (w/v) in 1× TAE with 0.7 µL of GelRed). For the 

evaluation of DNA protection, lipoplexes were previously incubated for 2 h at 37 ºC in 

DNase I medium (1 U/µg DNA). To inactivate the DNase action, 4 µL of 0.25 M EDTA 

was added to the samples for 15 min. Then, to disrupt the lipoplexes, 15 µL of 25% 

sodium dodecyl sulfate (SDS) was included. After 5 min, the samples were loaded on 

the agarose gel (1% (w/v) in 1× TBE with 3 µL EtBr). In both cases, electrophoresis was 

run at 70 mV for 1 h and visualized using an XR instrument (Bio-Rad) and GelDoc 

software (Bio-Rad), excited at 302–312 nm and recorded at 600 nm (for GelRed probe), 

or excited at 482 nm and recorded at 616 nm (for EtBr). 

Cryo-TEM experiments were carried out following the standard protocol.
49-51

 Briefly, 

an ionic discharge was applied for 1 min (Agar Scientific Ltd., UK) on perforated Holey 

Carbon on a 400-mesh copper grid, where a drop of lipoplexes was previously 
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deposited. The grid was mounted on a piston (Leica EM GP) and immediately vitrified 

by rapid immersion in liquid ethane at -180 ºC on a Gatan 626 cryo-transfer system 

(Gatan Inc., USA). Micrographs were recorded with a Gatan 794 Ultrascan digital 

camera and analyzed with the digital Micrograph software using a JEOL JEM 2011 

microscope at 200 kV under low-dose conditions and different degrees of defocus 

(500–700 nm). 

2.4. Protein Corona Studies 

The procedure for the analysis of the protein corona surrounding the surface of 

lipoplexes using nanoLC-MS/MS was fully detailed in a previous work.
52

 Briefly, 

GCL/DOPE-pDNA lipoplexes were incubated in HS medium at 37 °C for 1 h. After 

centrifugation (14000 rpm, 5 min), washing and resuspension, the samples were 

subjected to dithiothreitol reduction and iodacetamide alkylation before a trypsin 

digestion treatment (at 37 °C, overnight). The peptides thus obtained were acidified 

and subsequently eluted, concentrated, and desalted by C18 reverse phase 

chromatography using silica SPE C18 commercial columns (OMIX C18), following the 

instructions of the manufacturer for the packaging and conditioning of the column. The 

samples were dried by vacuum centrifugation (SpeedVac) and reconstructed in formic 

acid for their analysis in a nano Easy-nLC 1000 system, fitted to a Q-Exactive HF high 

resolution mass spectrometer through a Nano-Easy spray source. Peptides were 

separated in an Acclaim PepMap 100 Trapping pre-columm and eluted onto a NTCC 

C18 resin analytical column at a constant flow rate (250 nL/min). Then, the peptides 

were electrospray ionized using an ion spray voltage of 1.8 kV at 250 °C. The MS/MS 

spectra were acquired in positive mode and analyzed with the search engine Sequest 

with the Proteome Discoverer 2.2 software. The percolator algorithm was used to 

estimate the false discovery rate (FDR) < 1% and only the identification of proteins that 

had been correlated to at least two unique peptides based on mass spectra were 

considered. For the quantitative analysis of proteins, the mean value of peptide to 

spectrum matches (PSMs) was normalized to the molecular weight (MW) of the protein 

in kDa and expressed as the relative percentage of protein. 

2.5. In Vitro Studies 

HeLa (human cervix adenocarcinoma) and COS-7 (African green monkey kidney 

fibroblast like) cells were purchased from American Type Collection (Rockville, MD, 

USA) and kept under standard culture conditions (37 ºC, 5% CO2) in DMEM-high 

glucose + Gluta-MAX supplemented with 10% (v/v) heat-inactivated fetal bovine serum 

(FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin. For the in vitro experiments, 

cells were seeded in 48-well plates (1 mL, 10
5
 cells/well). After 24 h, lipoplexes formed 
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at 1 µg DNA/well were incubated with the cells for 4 h. Next, the culture medium was 

renewed and maintained until the cell viability and transfection quantification 

experiments were performed. The same protocol and conditions were used for the 

positive control, Lipo2000* (1.5 µL/µg DNA). 

The cytotoxicity of the GCL/DOPE-pDNA lipoplexes was determined by a modified 

alamarBlue assay. Briefly, after 48 h of lipoplex incubation, cells were incubated during 

2 h with 1 mL of 10% (v/v) alamarBlue dye in DMEM medium. Then, 200 µL of the 

supernatant was collected from each well and transferred into a 96-well plate suitable 

for a Power Wave XS plate reader, where the absorbance at 570 nm and 600 nm was 

measured. The % of cell viability for the samples was determined using the following 

equation:  

   570 600 570 600treated cells untreated cells
100× A -A / A -A  

   (3) 

In this work, the transfection efficiency of the lipoplexes was quantified by 

Luminometry (for pDNA encoding for luciferase) and by Enzyme-Linked 

ImmunoSorbent Assay, ELISA (for pDNA encoding for IL-12). 

Luminometry 

After 48 h of lipoplex incubation, the cells were washed with phosphate-buffered 

saline (PBS) and lysed with 100 µL of the lysis buffer (Promega, Madison, WI, USA) for 

10 min at room temperature, followed by two consecutive freeze–thaw cycles. The 

lysed cells were collected and centrifuged (1200 rpm, 5 min). From the supernatant, 20 

µL were taken for the luciferase assay with the Luciferase Assay Reagent (Promega) 

using a Sirius-2 luminometer (Berthold Detection System, Innogenetics, Diagnóstica y 

Terapéutica, Barcelona, Spain), and 10 µL for the protein assay by Bio-Rad DC Protein 

Assay (Bio-Rad Laboratories, USA). The absorbance was recorded at 690 nm with a 

Power Wave XS plate spectrophotometer and a KC junior data processor, BioTekS, 

using bovine serum albumin (BSA) as standard. Therefore, the transfection efficiency 

was evaluated in terms of the RLU/mg protein, which was converted to ng 

luciferase/mg protein using a standard curve. 

Enzime-Lynked ImmunoSorbtent Assay 

The IL-12 cytokine levels in cells were determined using the Mouse IL-12 (p70) 

ELISA Set kit, BD Biosciences Pharmingen (San Diego, CA, USA), following the 

manufacturer's instructions. Briefly, anti-mouse IL-12 (p70) monoclonal antibody was 

fixed in the 96-well plate overnight at 4 °C. The assay diluent was added and incubated 
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at room temperature for 1 h to block the plate. Next, 100 µL of the cell medium 

supernatant of the samples and the standard solutions (recombinant mouse IL-12 

(p70)) were incubated for 2 h at room temperature. Then, 100 µL of the working 

detector solution was added and incubated for 1 h. This working solution contained 

the second biotinylated anti-mouse IL-12 (p70) monoclonal antibody as the detection 

antibody and the streptavidin-horseradish peroxidase conjugate (SAv-HRP) as the 

enzyme reagent. Manual plate washings were performed between each step. Finally, 

100 µL of the substrate solution was added and oxidized by the enzyme reagent by 

dark incubation for 30 min. The reaction was stopped to measure the absorbance of 

samples at 450 and 570 nm using a Power Wave XS plate spectrophotometer and a KC 

junior data processor, BioTekS. The IL-12 concentration of samples, expressed in ng IL-

12/mL, was obtained through the standard curve run in the assay. 

3. Results and Discussion 

Basic science studies have proven to be extremely helpful to approach global health 

problems such as cancer, infections, and, in particular, the COVID-19 pandemic. The 

fast but reliable and robust response against SARS-CoV-2 by the scientific community 

is one example of how crucial is not only to develop safe health platforms with 

promising effectiveness but also to advance in the understanding of the main 

principles and mechanisms involved in them. In the case of IL-12, many studies have 

demonstrated its efficacy in animal models as an anti-cancer agent or against different 

infections, as summarized in the Introduction section. However, the complex and 

different biological responses observed in patients treated with diverse strategies 

employing this cytokine highlights the need for further studies to expand our 

understanding. In all cases, the problem of how to reach the target cells using a cell-

friendly strategy with the highest efficiency remains a bottleneck. Based on our 

expertise in the field of lipofection, we have faced this work by selecting, among the 

many cationic nanovectors characterized by our group (and in some cases even 

designed and synthesized), three of the best candidates for the insertion of pCMV-IL12 

in HeLa and COS-7 cell lines, with a previous characterization study with a reporter 

gene pCMV-Luc. Thus, GCLs denoted as GCL1, GCL2 and GCL3 (see Scheme 1), mixed 

with DOPE, were selected at their optimal formulations, i.e.,  = 0.2 for GCLs with an 

imidazole head group (GCL1 and GCL2), and  = 0.7 for the GCL with a quaternary 

ammonium head group (GCL3). 

3.1. Physicochemical Characterization 

One of the conditions that seems to be essential to obtain nanovectors with 

promising effectiveness and efficient transfection ability is that they have to be 
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positively charged in order to complex and compact anionic polynucleotides. This 

favors their absorption by the cell membrane, usually following an endocytic pathway, 

and aids their crossing of this barrier. During lipoplex formation, this condition is 

achieved once electroneutrality is overpassed and the nucleic acids are totally 

compacted by the lipid mixture. -potential measurements vs the mL/mpDNA ratio 

provide this information from the charge inversion observed in the sigmoidal curves of 

Figure 1a (see Figure 1b for a schematic drawing of this charge inversion process).  

 

Figure 1. (a) Plot of the -potential as a function of the mL/mpDNA mass ratio for the 

optimum formulations of the GCL/DOPE-pCMV-Luc lipoplexes: GCL1/DOPE-pCMV-Luc 

(purple line), GCL2/DOPE-pCMV-Luc (pink line) and GCL3/DOPE-pCMV-Luc (blue line). 

(b) Schematic drawing of the charge inversion process. 

Table S1 in the Supporting Information (SI) includes the electroneutrality values 

obtained for the three different GCL/DOPE mixtures, as well as the effective charges of 

both pDNA (q
eff, pDNA

-
/bp) and GCLs (q

eff,GCL
+ ).

37-39
 These effective charges have been 

determined using a protocol fully described elsewhere.
38

 Note that no significant 

differences exist in the q
eff, pDNA

-
/bp values obtained for the three lipoplexes (-1.4 ± 

0.1/bp on average), being in all cases around 30% less negative than the nominal ones 

(-2.0/bp). This difference between effective and nominal charges for pDNA reveals that 

a significant fraction of Na
+
 counterions remain associated with the phosphate groups 

of pDNA once the lipoplex adopts a supercoiled conformation at physiological pH. 

Accordingly, those other Na
+
 counterions that are expelled to the bulk contribute to a 

clear entropy gain, being this entropy factor an important driving force toward lipoplex 

formation, together with the significant electrostatic interaction between the cationic 
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lipidic nanovector and anionic pDNA. This feature is advantageous for our purposes 

since less amount of GCL (around 30% than that expected if q
pDNA

-
  = -2) is required to 

prepare positively charged lipoplexes with pDNA, which may result in lower lipoplex 

toxicity. In what respects to the GCL effective charge, the previously reported values 

were around 10% less positive than the nominal ones (+2).
37-39

 Both q
eff, pDNA

-
/bp and 

q
eff,GCL
+  were used to prepare lipoplexes at the desired effective charge ratios ρeff (Eq. 2) 

in all the experiments herein reported. 

The compaction of pDNA can also be evaluated by agarose gel electrophoresis. In 

these experiments, the GelRed probe dispersed in the agarose gel is intercalated within 

the hydrophobic environment of the double-stranded helixes of DNA, increasing the 

quantum emission yield of the probe. These fluorescent bands are not observed if the 

DNA is compacted by the lipid mixture. Figure 2a shows the agarose gel 

electrophoresis of the three GCL/DOPE-pDNA lipoplexes. In all cases, at low mL/mpDNA 

values (lane 2, eff = 0.5), the lipid mixtures are not able to compact pDNA and the 

fluorescent bands are visualized, as in the control lane with free DNA (lane 1). However, 

at higher mL/mpDNA values (lanes 3 and 4 for eff = 5 and 10, respectively), the absence 

of the bands confirms the full compaction of pDNA by the mixed lipid-based 

nanovector. This is in agreement with the -potential results previously discussed. 

Furthermore, agarose gel electrophoresis was not only used in this work to determine 

the ability of the mixed lipid-based nanovectors to complex and compact pDNA, but 

also to evaluate the protection they provide to the nucleic acid against degradation by 

the DNase I enzyme normally present in biological fluids (Figure 2b). In this experiment, 

two controls were used: free pDNA in the absence (lane 1) and presence of DNase I 

(lane 2). Due to the degradation of pDNA, the fluorescent bands seen in lane 1 are not 

observed in lane 2. The same incubation experiments in DNase I medium were also 

performed for the lipoplexes formed at eff = 5 and 10 (lanes 3 and 4, respectively). 

After treatment with SDS, the mixed lipid nanoaggregates are disrupted and pDNA is 

recovered intact, as can be deduced by the presence of the pDNA characteristic bands, 

thus confirming the protective action of the lipid-type nanovectors against DNase I. 

After a quick glance to lanes 3 and 4 in Figure 2, it is interesting to notice how the 

formulations at which pDNA is efficiently compacted by the lipid-based nanovector 

(i.e., no fluorescent bands are seen along the lanes in the upper panels) are also those 

in which the nucleic acid finds a protecting environment against the degrading external 

medium (i.e., the fluorescent bands are seen after disruption of the lipidic 

nanoaggregate in the lower panels).  
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Figure 2. Agarose gel electrophoresis experiments of GCL/DOPE-pCMV-Luc lipoplexes 

at selected optimal conditions of mL/mpDNAmass ratios and/or eff. Panel (a) shows the 

compaction assays, where free pDNA (lane 1) was used as the control. Panel (b) 

presents the protection assays of pDNA against degradation by DNase I, where free 

pDNA (lane 1) and free pDNA incubated with DNase I (lane 2) were used as controls. 

For both agarose electrophoresis experiments: (i) and (iv) correspond to the 

GCL1/DOPE-pCMV-Luc system, (ii) and (v) correspond to the GCL2/DOPE-pCMV-Luc 

system, and (iii) and (vi) correspond to the GCL3/DOPE-pCMV-Luc system. 
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The lipoplexes were evaluated also from a structural point of view before in vitro 

studies to confirm their suitability in terms of structure and size to cross the cell 

membrane, which is one of the critical steps in the transfection process. The 

morphology and structure of the GCL/DOPE-pDNA lipoplexes were visualized by cryo-

TEM analysis. The micrographs in Figure 3 and Figure S1 show the multilamellar-type 

arrangement of GCL/DOPE-pDNA lipoplexes, as previously found in GCL/DOPE-pEGFP-

C3 lipoplexes
37-39

 and similar nanovectors published in the literature.
53-55

  

 

Figure 3. Selection of cryo-TEM micrographs of GCL1/DOPE-pCMV-Luc lipoplexes 

formed at ρeff = 5. The scale bars of the micrographs are 200 nm (a), 50 nm (b) and 

500 nm (c). Panel (d) shows a scheme of the Lα multilamellar phase observed in the 

micrographs. 

These Lα multilamellar lyotropic liquid crystal phases are characterized by an 

alternating configuration of lipidic bilayers of positively charged GCL/DOPE mixed 

lipids and aqueous monolayers, where the anionic pDNA helixes are located in a 

sandwich-type fashion (see scheme on Figure 3d). On the other hand, the particle size 

(hydrodynamic diameter, Dh) and polydispersity index (PDI) of the lipoplexes at two 

conditions (eff = 5 and 10) were determined by DLS (see Table 1). Sizes of ~200 nm 

a) b) 

c) 

GCL 

DOPE 

pDNA 

d) 
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and polydispersities below 0.4, such as those reported in Table 1, are typically 

considered acceptable for efficient crossing through the cell membrane and, 

subsequently, for the transfection process.
56-57

 

Table 1. Size (Dh) and polydispersity index (PDI) values for the GCL/DOPE-pCMV-Luc 

lipoplexes at eff = 5 and 10. 

Lipoplexes 

eff = 5 eff = 10 

Dh (nm) PDI Dh (nm) PDI 

GCL1/DOPE-pCMV-Luc 265 0.39 181 0.36 

GCL2/DOPE-pCMV-Luc 205 0.30 152 0.24 

GCL3/DOPE-pCMV-Luc 202 0.36 185 0.39 

Errors are less than 10%. 

3.2. Protein Corona Characterization 

The fate of a nanovector depends largely on the type and amount of proteins that 

adhere to its surface when it comes into contact with a biological fluid; that is, when it 

enters the bloodstream. In fact, what cells really see is the new entity formed by the 

lipoplex surrounded by the adsorbed PC, and it is this PC the cells interact with rather 

than the lipoplex itself. Accordingly, the evaluation of the protein corona (in terms of its 

nature and composition) is crucial to understand the in vitro behavior of these non-viral 

vectors and even to estimate their potential success in vivo. The adsorption of proteins 

(PC formation) has special interest since one of the main barriers for nanovectors to 

reach the target cells is the opsonization process. Certain proteins can inhibit this 

process and increase the bloodstream time circulation, while those in charge of cellular 

recognition can even favor the passage through the cellular membrane. For that 

reason, in this work, lipoplexes formed by either GCL1, GCL2 or GCL3, combined with 

DOPE and pCMV-Luc at ρeff = 5 were incubated in HS and analyzed by nanoLC-MS/MS 

to determine the proteomic profile of their PC. A large number of proteins were found 

in all cases: 161 for GCL1/DOPE-pCMV-Luc, 143 for GCL2/DOPE-pCMV-Luc, and 144 

for GCL3/DOPE-pCMV-Luc, of which 127 were common to all of them. The presence of 

such a significant number of proteins in the PC has also been reported for PEGylated 

liposomes.
58

 The relative percentages of the different proteins were calculated and 

subsequently classified according to their molecular weight (MW), isoelectric point (pI), 

and physiological function, as reported in Figure 4a, b and c, respectively (see also 

Table S2). The results show only 3–8% of proteins with a MW higher than 300 kDa, 
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being proteins with MW < 70 kDa those predominantly adsorbed on the nanocarrier 

surface (82–90%), in agreement with those observed in a previously reported 

C3(C16His)2/MOG-siRNA nanovector with histidine-based polar heads.
59

 Moreover, 

around 61–65% of adsorbed proteins present pI < 7, i.e., they bear a net negative 

charge at physiological pH, indicating that, as found in previous studies,
52,59

 strong 

electrostatic interaction between these proteins and the positively charged nanovectors 

is probably one of the main non-covalent intermolecular forces driving the PC 

formation process. In what respect to physiological function, lipoproteins were 

preferentially adsorbed on the surface of the three lipoplexes (37–39%), followed by 

acute-phase proteins (15–20%) and immunoglobulins (Igs) (12–17%). Igs and acute-

phase proteins are considered responsible for the immune system response, 

recognizing pathogens and binding them to trigger the appropriate immune process. 

In contrast, a lipoprotein coverage is usually associated with improved bloodstream 

circulation times. Lipoproteins are related to intercellular transport of insoluble lipids, 

particularly cellular processes involved in cholesterol metabolism. On the other hand, 

tissue leakage, coagulation, and complement proteins were those found in minor 

proportion (4–9%, 4–6% and 4–7%, respectively). Complement and coagulation 

proteins also participate in the innate immune response. By binding pathogens directly 

or indirectly (through antibodies), complement proteins induce an inflammatory 

response and the recognition by phagocytes, thus favoring the elimination of 

nanocarriers from systemic circulation. Although they are mainly in charge of 

maintaining hemostasis (i.e., blocking a bleeding process), coagulation proteins can 

also physically trap microbes or stimulate the opsonization process around pathogens. 

On the other hand, cellular death or damage provokes the release of tissue leakage 

proteins to the blood; therefore, they are found in lower concentration in blood than 

classical proteins such as Igs or coagulations proteins. The proteins identified for each 

physiological function are shown in detail in Figure S2 (major fraction) and S3 (minor 

fraction). The slight differences found in the PC of the three lipoplexes are necessarily 

attributed to the diverse nature of the gemini cationic lipid (head and spacer group). 

These structural differences are expected to be rather subtle from the perspective of 

the adhering proteins. Moreover, the content in DOPE does not seem to drastically 

influence the PC composition, notwithstanding that zwitterionic species usually avoid 

protein adsorption.
60
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Figure 4. Relative percentage of the proteins found in the protein corona (PC) of the 

GCL/DOPE-pCMV-Luc lipoplexes at eff = 5, classified by (a) molecular weight, MW in 

kDa; (b) isoelectric point, pI; and (c) physiological function. 
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The top 25 most abundant proteins found on surface of the three lipoplexes, also 

classified by MW, pI and physiological function (Figure S4), are consistent with the total 

protein results. These 25 most abundant proteins (~70–80% of the total proteins) are 

collected in Table 2. The color scale shows the decreasing percentage from intense red 

to yellow and finally grey. The most abundant proteins on the surface of GCL1/DOPE-

pCMV-Luc lipoplex were trypsin (6%), apolipoproteins (B-100, A-II, A-I and C-I, with 

~5% each one) and serum albumin (~5%). Serum albumin was the main protein (~11%) 

for the GCL2/DOPE-pCMV-Luc lipoplex, followed by apolipoproteins A-I and A-II, 

trypsin, and protein AMBP (around 6–7% each). Finally, apolipoproteins (B-100, A-I and 

A-II), serum albumin and trypsin were the most abundant proteins found in the case of 

the GCL3/DOPE-pCMV-Luc lipoplex (around 6–8% each). Generally speaking, the three 

lipoplexes share the same most abundant proteins, apolipoproteins A-I (APO A-I) and 

A-II (APO A-II), serum albumin and trypsin, albeit with slight differences in their relative 

percentages. As it was mentioned previously, lipoproteins such as apolipoproteins 

seem to increase the blood circulation time of nanovectors and favor the interactions 

with low density lipoprotein (LDL) receptors, which allows crossing the brain barrier.
61

 

Serum albumin is the most abundant protein in blood and it contributes to transport 

certain molecules due to its ability to avoid recognition and subsequent uptake by 

macrophages. In addition, it seems to promote the accumulation of nanocarriers in 

tumors,
62

 which can be interesting for the local delivery of IL-12 in the context of anti-

cancer applications. In many solid tumors, the vitronectin receptor is overexpressed, so 

the presence of victronectin among the 25 most abundant proteins for the 

GCL1/DOPE-pCMV-Luc and GCL2/DOPE-pCMV-Luc lipoplexes may result in improved 

uptake by cancerous cells.
63

 On the other hand, certain proteins such as complement 

C3 protein, belonging to the opsonins group, was not found among the 25 most 

abundant proteins for the GCL2/DOPE-pCMV-Luc lipoplex or found at low relative 

percentages for GCL1/DOPE-pCMV-Luc and GCL3/DOPE-pCMV-Luc (~1%), this feature 

being in principle positive in terms of potentially longer systemic circulation of the 

nanovectors.  

Finally, although the 25 most abundant proteins in the PC of each lipoplex do not 

show significant differences for us to predict better or worse results in cell cultures, the 

high albumin content around the GCL2/DOPE-pCMV-Luc lipoplex may provide some 

potential advantage over the other two. On the other hand, the PC around 

GCL3/DOPE-pCMV-Luc lipoplex showed a higher content of Igs, which may condition 

its ability to reach the target in a biological environment. Other lipoplexes constituted 

by small interfering RNAs and lipid mixtures with GCL or CL (which included histidine or 

arginine residues on the polar heads) also showed APO A-I and A-II and serum albumin 

as their main PC fractions.
52,59

 This indicates that, even when using different lipids, 

similar human proteins are adsorbed on the surface of the lipoplexes. This evidence, 

which we have been observing in our latest studies with lipoplexes, can be of great 

help when developing strategies for cell transfection.  
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Table 2. Relative percentage of the top 25 most-abundant proteins in the PC 

surrounding the GCL/DOPE-pCMV-Luc lipoplex surfaces at eff = 5. On the right, the 

color scale from 0 (gray) to 11% abundance (red). 

 %   

 GCL1 GCL2 GCL3   

Alpha-1-antitrypsin SV=1        11 

Alpha-1-antitrypsin SV=3         

APOC4-APOC2         

Apolipoprotein A-I          

Apolipoprotein A-II          

Apolipoprotein A-IV         9 

Apolipoprotein B-100          

Apolipoprotein C-I          

Apolipoprotein C-III          

Apolipoprotein D          

Apolipoprotein E         7 

Apolipoprotein M          

C4b-binding protein alpha chain          

Complement C3          

Haptoglobin          

Haptoglobin-related protein         5 

Hyaluronan-binding protein 2         

Ig heavy constant gamma 1 (Fragment)         

Ig kappa constant          

Ig lambda constant 3          

Inter-alpha-trypsin inhibitor heavy chain H1        3 

Isoform 2 of Ig heavy constant mu         

Protein AMBP          

Prothrombin          

SAA2-SAA4 readthrough         

Serum albumin         1 

Serum amyloid A-1 protein          

Trypsin          

Vitronectin         0 
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In summary, the high content of lipoproteins and serum albumin led us to expect 

good results in intracellular trafficking in biological fluids. Nevertheless, these results 

were not significant enough to discard any of the lipoplexes before the in vitro studies. 

3.3. In Vitro Studies 

Cellular transfection is always a complex process and typically one of the limitations 

in the use of synthetic non-viral vectors vs viral vectors. However, clinical trials on IL-12 

administration have used different non-viral vector based-strategies to improve the 

anti-tumor ability of this cytokine, thus avoiding the risks associated with viral vectors. 

Control over the toxicity together with the necessity of minimizing possible adverse 

effects provoked by the vectors are always a priority in any treatment. Unexpected 

toxicity is usually the main reason preventing the development of certain tests, as 

occurred at the beginning of IL-12 therapies.
20

 Although still far from clinical trial 

phases, in vitro experiments in cell lines, such as those reported in this study, are the 

previous steps to discard nanovectors that may exert severe toxicity. In this context, the 

possible cytotoxicity of the GCL/DOPE-pCMV-Luc lipoplexes was evaluated. After 48 h 

of incubation in COS-7 and tumor HeLa lines, the metabolic activity of cells was 

measured by means of alamarBlue assays and expressed in terms of % cell viability, as 

shown in Figure 5a and 5b for COS-7 and HeLa cells, respectively. The reagent 

Lipo2000*, incubated under the same conditions, was here used as universal positive 

control. As shown in the figure, the % of cell viabilities were above 80% in both cell 

lines for the three lipoplexes studied at two selected conditions, eff = 5 (unstriped 

bars) and eff = 10 (striped bars). No significant differences were observed, i.e., neither 

the dissimilar polar head (imidazole vs quaternary ammonium) nor the different DOPE 

content seemed to influence the cellular proliferation. However, a very slight decrease 

in the cell viability values was observed for each GCL/DOPE-pCMV-Luc lipoplex at eff = 

10 with respect to eff = 5, as also seen in other lipoplexes in the literature.
52-53

 Either 

way, the results corroborate the excellent biocompatibility of these three GCL-based 

lipoplexes, also previously observed with the plasmid encoding for pEGFP-C3 in several 

cell lines.
37-39

 With the results obtained in this preliminary study in hand, all three 

GCL/DOPE-pCMV-Luc lipoplexes could be considered as safe for the selected cell lines.  
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Figure 5. Percentage of cell viability of COS-7 (a) and HeLa (b) cell lines in the 

presence of the optimized formulations of the GCL/DOPE-pCMV-Luc lipoplexes formed 

at eff = 5 (unstriped bars) and 10 (striped bars). The lipoplexes were incubated with 

cells for 48 h. The cell viability (%) was normalized to that obtained for untreated cells. 

The blue bar corresponds to commercial Lipo2000*, used here as positive control. Data 

represent the mean of three wells and errors are within ±5%. 

The transfection efficiency of the GCL/DOPE lipid mixtures was initially evaluated 

with the reporter gene pCMV-Luc. Figure S5 presents luciferase expression in COS-7 

cells expressed in terms of ng luciferase/mg protein for the GCL/DOPE-pCMV-Luc 

lipoplexes at eff = 5 and 10. Clear differences in transfection efficiency were observed 

between the lipoplexes, as highlighted by this figure: i) the GCL3 lipoplex shows low 

transfection levels at all formulations (eff) and it was therefore discarded for the 

following study with the IL-12 therapeutic gene; ii) the other two lipoplexes show 

acceptable (GCL2) and remarkable (GCL1) levels of transfection, the latter exceeding 

even the results obtained with the control; and iii) there are no appreciable differences 

(within error) between the two formulations at eff = 5 and 10, although a subtle 

improvement is observed with eff  = 10. These results may be attributed to: i) the high 

DOPE content in the GCL1/DOPE-pCMV-Luc and GCL2/DOPE-pCMV-Luc lipoplexes 

(both with  = 0.2), which has already demonstrated to improve the fusogenic 

properties of this type of nanovectors;
37,64-65

 ii) the positive effect on the transfection 

efficiency of the imidazole head groups in GCL1 and GCL2 (with a delocalized positive 

charge) compared to the quaternary ammonium groups in GCL3, as already found for 

these lipid-based nanovectors when transfecting pEGFP-C3;
37-38

 and iii)  the 

oxyethylene spacer, which is believed to be more cell friendly than the methylene 

spacer.
37,39

 In fact, this evidence could be responsible for the improved transfection 

efficiency of GCL1/DOPE-pCMV-Luc compared to GCL2/DOPE-pCMV-Luc, although it 

seems that the nature of the polar head has a greater effect, in view of the poor 

performance shown by the GCL3 lipoplex with also an oxyethylene spacer. In any case, 

both lipoplexes were considered efficient enough to be further evaluated for the 
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ultimate aim of this work: the transfection of therapeutic gene pCMV-IL12, as evaluated 

in COS-7 and HeLa cells by means of ELISA experiments. Figure 6a (COS-7) and 6b 

(HeLa) show the cytokine expression levels (ng IL-12/mL), revealing that both 

lipoplexes are capable of transfecting pCMV-IL12 with remarkable efficiency, 

comparable to or even surpassing that of commercial control Lipo2000* for some of 

the prepared formulations (eff). Notice that the GCL1/DOPE-pCMV-IL12 lipoplex 

presents slightly better performance in COS7 cells, while GCL2/DOPE-pCMV-IL12 

seems to work slightly better in HeLa cancer cells (mostly at eff = 5), a result of great 

interest considering the anti-tumor activity of IL-12. In any case, both results suggest 

that no compelling reasons exist to choose one of the lipoplexes over the other, since 

both demonstrate their ability to transfect the plasmid that encodes for the cytokine of 

interest, IL-12, once their formulations (eff) have been optimized. It is worth noting that 

other GCL-type vectors, such as C3(C16His)2 or one based on trehalose, have also been 

found to successfully transfect pCMV-IL12.
53,66
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Figure 6. Transfection efficiency levels of therapeutic gene expressed as IL-12 (ng/mL) 

in COS-7 (a) and HeLa (b) cell lines in the presence of GCL/DOPE-pCMV-IL12 

lipoplexes formed at eff = 5 (unstriped bars) and 10 (striped bars). The lipoplexes were 

incubated with cells for 48 h. The blue bar corresponds to commercial Lipo2000*, used 

here as positive control. The data represent the mean of three wells, and errors are 

within ±5%. 

The reported results, together with those presented in this work, reinforce the 

potential of GCL-based vectors (assisted by a helper zwitterionic lipid like DOPE) as 

non-viral nanocarriers of therapeutic gene pCMV-IL12. Moreover, as concluded in the 

protein corona study, the corresponding GCL/DOPE-pCMV-IL12 lipoplexes have a clear 

tendency to adsorb proteins that improve its traffic in the bloodstream, such as 

lipoproteins and serum albumin. For all the above reasons, GCL-based nanocarriers in 

general, and those reported herein in particular, can be considered serious candidates 



 
227 

Gemini Cationic Lipid-Type Nanovectors Suitable for the Transfection of Therapeutic 

Plasmid DNA Encoding for Pro-Inflammatory Cytokine Interleukin-12 

for pIL-12 delivery and consequently in the design of further strategies for future 

medical applications. 

4. Conclusion 

Inappropriate activation of inflammatory processes can lead to many pathologies 

and diseases. Alzheimer's disease, cancer, or autoimmune diseases are examples 

related to chronic inflammation, while infectious diseases, like the one currently 

desolating the world (COVID-19), seem to be potentiated by an uncontrolled immune 

response. IL-12 has interesting immunomodulatory functions, acting as a bridge 

between innate response and adaptive immunity. Still, different approaches to deliver 

IL-12 remain an active area of research. Nanovectors that successfully and safely 

transport pIL-12 into cells are needed in clinical trials based on IL-12 gene therapies. 

With this in mind, we selected GCLs offering optimal results in previous studies and 

combined them with zwitterionic lipid DOPE to transport and deliver pCMV-IL12 into 

cells. The physicochemical study demonstrated the formation of positively charged 

lipoplexes with a reporter gene, pCMV-Luc. Furthermore, the ability of lipid mixtures to 

protect and compact pDNA was demonstrated by agarose gel electrophoresis, while 

cryo-TEM experiments revealed that the pDNA was complexed in a Lα multilamellar 

liotropic liquid crystal phase. The characterization of the GCL/DOPE-pDNA lipoplexes 

was completed with an extensive study on the profile of proteins surrounding the 

vector in the presence of human serum. The most abundant proteins, lipoproteins and 

serum albumin, seem to suggest an adequate behavior of these lipoplexes in blood 

fluids for future therapies. The three GCL/DOPE-pDNA lipoplexes demonstrated high 

biocompatibility, as shown by cytotoxicity studies on HeLa and COS-7. However, upon 

evaluation of the efficiency of transfection of the three lipoplexes with pCMV-Luc, only 

those containing imidazole groups in the polar heads (GCL1/DOPE-pCMV-Luc and 

GCL2/DOPE-pCMV-Luc) in combination with DOPE at  = 0.2 were found adequate. 

This feature reinforces the fusogenic properties of zwitterionic lipid DOPE and the 

capacity of imidazole groups to favor the transfection process. Finally, ELISA assays 

demonstrated the ability of GCL1/DOPE and GCL2/DOPE lipid mixtures to transfect the 

pCMV-IL12 therapeutic gene, with results comparable to those obtained with the 

Lipo2000* control. In particular, the results with GCL2/DOPE-pCMV-IL12 were not only 

similar to those of Lipo2000* but superior in the case of the HeLa cell tumor line. This 

finding is quite interesting since the PC of these lipoplexes showed a remarkable serum 

albumin fraction. This protein, in addition to inhibiting macrophage recognition, may 

also contribute to the accumulation of lipoplexes in tumors, where IL-12 may exert its 

anti-tumor activity. Definitely, these results encourage further and more specific studies 

to gain deeper insight into cytokine vectorization for advanced therapies and for the 

development of preventive vaccines, which will have a positive impact on the health of 

human beings worldwide. Exogenous pIL-12 has already shown positive effects as 
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therapeutic agents, on its own or as an adjuvant in combination approaches. This study 

highlights the ability of certain non-viral lipid-type vectors (particularly GCLs) to 

transport plasmids encoding for IL-12 in different cell lines, which may further 

contribute to the design of new strategies to treat different diseases. 
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1. Physical Characterization Methods 

Table S1. Effective charges of GCLs and pDNA and the values of electroneutrality ratio 

for the lipoplexes studied in this work. 

System 
GCL1/DOPE-

pDNA 

GCL2/DOPE-

pDNA 

GCL3/DOPE-

pDNA 
+

eff,GCL
q  1.9

a
 1.7

b
 1.8

c
 

-

eff,pDNA
q /bp  -1.5 -1.3 -1.4 

 L pDNA
m /m



 4.5 4.5 1.6 

Values estimated with a 5% error. The +

eff,GCL
q values were obtained in previous studies

1-

3
, considering -

nom,ctDNA
q = -2.0 / bp. The -

eff,pDNA
q /bp  values were obtained from plot of 

-potential as a function of mL/mpDNA (Figure 1) and working with these +

eff,GCL
q values. 

a
Ref.

1
, 

b
Ref.

2
, and 

 c
Ref.

3
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Figure S1. Cryo-TEM micrographs of GCL2/DOPE-pCMV-Luc lipoplexes at eff = 5 and 

 = 0.2. Scale bars of micrographs are 500 (a), 200 (b) and 100 (d - f) nm. Panel (c) 

shows a zoom view of the blue square in panel (b). 

 

 

 

 

 

a) b) 

d) e) f) 

c) 
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2. Protein Corona Characterization In Vitro Studies 

Table S2. Relative percentage of proteins surrounding the surfaces of GCL/DOPE-

pCMV-Luc lipoplexes, classified by their physiological function, by their molecular 

weight (MW) in kDa and by their isoelectrical point (pI) related with Figure 4. 

MW %  pI %  
Physiological 

Function 
% 

 GCL1 GCL2 GCL3   GCL1 GCL2 GCL3   GCL1 GCL2 GCL3 

>300 5.7 2.7 7.7  >9 0.9 0.7 0.7  Lipoproteins 38.5 37.3 37.9 

150-

300 

3.6 2.6 3.2  08_09 
16.8 18.3 14.6 

 Acute-phase 19.6 15.0 19.8 

100-

150 

4.4 1.7 2.7  07_08 
21.4 16.0 22.1 

 Immunoglobulins 12.4 14.2 16.5 

80-

100 

1.3 0.5 1.0  06_07 
32.8 39.7 34.2 

 Tissue Leakage 2.9 3.2 3.1 

70-

80 

3.2 2.6 2.7  05_06 
27.8 24.9 28.2 

 Coagulation 6.9 4.7 6.0 

60-

70 

10.1 13.5 9.1  <5 
0.3 0.2 0.1 

 Complement 8.0 5.4 4.0 

50-

60 

7.1 6.2 7.6       Others 11.7 20.0 12.8 

40-

50 

11.3 10.6 14.5           

30-

40 

12.3 17.0 14.8           

20-

30 

17.0 17.4 14.7           

<20 24.1 25.1 22.0           
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Figure S2. Classification of the most abundant proteins (lipoproteins, acute-phase, 

others and immunoglobulins proteins) found in the protein corona surrounding the 

surfaces of GCL/DOPE-pCMV-Luc lipoplexes. 
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Figure S3. Classification of the proteins that constitute a minor fraction (tissue leakage, 

coagulation, and complement proteins) present in the protein corona surrounding the 

surfaces of GCL/DOPE-pCMV-Luc lipoplexes. 
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Figure S4. Relative percentage of the TOP 25 proteins found within the protein corona 

(PC) of GCL/DOPE-pCMV-Luc lipoplexes formed at eff = 5, classified by their molecular 

weight, MW in kDa (a), by their isoelectric point, pI (b) and by their physiological 

function (c). 
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3. In Vitro Studies 
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Figure S5. Transfection efficiency levels expressed as ng luciferase/mg protein in COS-

7 cell line in presence of GCL/DOPE-pCMV-Luc lipoplexes formed at eff = 5 (unstriped 

bars) and 10 (striped bars). Lipoplexes were incubated with cells during 48 h. Blue bar 

corresponds to commercial control Lipo2000*, used as positive control. Data represent 

the mean of three wells and errors are within ± 5 %. 
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Abstract:  

The design of nanovectors able to overcome biological barriers is one of the main 

challenges in biomedicine. Gemini cationic lipids are considered potential candidates 

for gene therapy due to their high biocompatibility and capacity to condense nucleic 

acids safely in the form of lipoplexes. However, this approach presents difficulties 

regarding genetic unpacking and, therefore, control over this process becomes crucial 

to ensure successful transfection. In this work, gemini cationic lipoplexes were prepared 

in the presence of plasmonic gold nanostars (AuNSs) to afford a nanovector that 

efficiently releases plasmid DNA (pDNA) upon irradiation with near-infrared 

femtosecond laser pulses. A critical AuNSs concentration of 50 pM and optimized laser 

power density of 400 mW led to successful pDNA release, whose efficiency could be 

further improved by increasing the irradiation time. Agarose gel electrophoresis was 

used to confirm pDNA release. UV-Vis-NIR spectroscopy and transmission electron 

microscopy studies were performed to monitor changes in the morphology of the 

AuNSs and lipoplexes after irradiation. From a physicochemical point of view, this study 

demonstrates that the use of AuNSs combined with gemini cationic lipoplexes allows 

control over pDNA release under ultrafast laser irradiation. 
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1. Introduction 

Lipoplexes are systems based on lipids or lipid mixtures able to compact nucleic 

acids (NAs), commonly used in gene therapy.
1
 Their structural resemblance to 

biological membranes confers these lipids with high biocompatibility, making them 

potential candidates to replace traditional viral vectors, which exhibit higher 

transfection efficiency but may trigger non-desired immune responses.
2-3

 Cationic 

lipids (CLs) are particularly attractive for their ability to interact electrostatically with 

NAs. The positively charged lipoplexes thus formed are able to cross the negatively 

charged cellular membrane typically by endocytosis.
4-5

 Gemini cationic lipids (GCLs) are 

probably the most studied CL family due to the high variability in their chemical 

structure, not only at the hydrophobic tails, but also at the cationic heads and spacers. 

GCL-type nanovectors have demonstrated their ability to successfully transfect NAs in 

different cell lines.
6-9

 They have been especially used to transfect plasmid DNA (pDNA) 

with remarkable success when combined with a helper lipid,
10-12

 which usually promote 

cellular uptake as well as facilitate endosomal membrane rupture once inside the 

cell.
11,13

 

However, on many occasions, lipoplexes present low therapeutic efficiencies due to 

their inability to overcome the different biological barriers that separate them from the 

final target.
4,14

 Therefore, the specific destabilization of the endosomes is one of the 

crucial factors of the release process. A low transfection efficiency is usually attributed 

to poor gene unpacking, whereby only a minor fraction of NAs is able to exit the 

endocytic vehicle.
15

 Endosomal escape has to be a fast but safe process to avoid NA 

degradation and, thus, control over it becomes critical. Many studies have focused on 

nanovectors that respond to internal (i.e., changes in pH) or external (i.e., temperature 

or electric pulses) stimuli for release or transfection.
16-17

 

The localized surface plasmon resonances (LSPRs) of gold nanoparticles (AuNPs) 

render them with strong absorption efficiency and attractive photothermal properties 

that can be activated by external laser excitation.
18

 As examples of biomedical 

applications, the irradiation of AuNPs with lasers induces the release of controlled 

quantities of antitumor drugs into cancer cells,
19

 or kills cancer cells in the case of 

plasmonic photothermal therapies (PPTT).
20

 In particular, plasmonic gold nanostars 

(AuNSs) are especially appealing because they exhibit broad LSPR bands, displaying 

very high electromagnetic fields localized at the tips, much larger than those displayed 

by other morphologies such as gold nanospheres or nanorods.
21

 Additionally, the LSPR 

of AuNSs can be tuned to the near-infrared (NIR) region as a function of the width, 

length and number of spikes.
22

 The NIR region is interesting from a biomedical point of 

view due to the well-known first (650–950 nm) and second (1000-1350 nm) biological 

windows, where the blood and water within organisms present low NIR absorption and 

scattering.
23-25

 As an example, we have shown the use of AuNSs with an LSPR band 
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centered at 800 nm for efficient PPTT on melanoma cells by femtosecond laser 

irradiation.
26

 

The use of femtosecond pulse lasers to irradiate AuNPs and promote photothermal 

processes is especially suited because the fast energy deposition rate leads to a high 

electronic temperature, which is transferred to the nanocrystal lattice via 

electron−phonon relaxation processes, heating the nanoparticles above the melting 

temperature of bulk gold.
27

 On the other hand, in nanosecond pulse laser excitation, 

the absorption of photons continues when the relaxation processes have already 

started and the lattice is still hot, yielding an increase of the lattice energy that usually 

produces uncontrolled heating and undesired fragmentation of the nanocrystals.
27

 

The aim of this investigation was to evaluate the controlled release of pDNA in 

gemini cationic lipoplex systems with the assistance of AuNSs upon irradiation with a 

femtosecond laser (800 nm, Ti:sapphire, 90 fs laser pulses, 1 kHz). AuNSs were 

synthesized and characterized by UV-Vis-NIR spectroscopy and transmission electron 

microscopy (TEM). The liposomes were constructed from gemini cationic lipid 1,2-

bis(hexadecyl imidazolium) dialkane (IGCL) and helper zwitterionic lipid 1,2-dioleoyl-sn-

glycero-3-phosphatidylethanolamine (DOPE)  (Scheme 1), and the formation of the 

corresponding lipoplexes upon addition of pDNA were performed in the presence of 

AuNSs. Such lipid mixture was chosen due to the high ability of the resulting lipoplexes 

to compact pDNA.
10

 The liposome-AuNS and lipoplex-AuNS systems were 

characterized and optimized by −potential measurements, UV-Vis-NIR spectroscopy 

and/or TEM at different nanoparticle concentrations and femtosecond laser irradiation 

conditions. Agarose gel electrophoresis was used to analyze and quantify the pDNA 

release upon irradiation. 

 

Scheme 1. Molecular structure of the gemini cationic lipid IGCL (a) and zwitterionic 

lipid DOPE (b). 

a) b) 
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2. Materials and Methods 

2.1. Materials 

The reagents used for AuNS synthesis (sodium citrate, gold(III) chloride trihydrate, 

hydrochloric acid, silver nitrate and ascorbic acid) and functionalization (poly(ethylene 

glycol) methyl ether thiol, 6 kDa) were purchased from Sigma-Aldrich (St. Louis, MO, 

USA) or Scharlab S.L. (Barcelona, Spain). The synthesis of IGCL has been previously 

reported,
10

 and zwitterionic lipid DOPE was supplied by Avanti Polar Lipids, Inc. 

(Alabaster, AL, USA). Both molecular structures are shown in Scheme 1. pEGFP-C3 

plasmid DNA (4700 bp) (pDNA) was extracted from competent Escherichia coli bacteria 

using a GenElute HP Select Plasmid Gigaprep kit (Sigma-Aldrich). 

2.2. Optical Characterization 

All spectra were recorded at room temperature on a BioTek Instruments Uvikon XL 

UV-Vis-NIR spectrophotometer, using quartz cuvettes with a 1 mm transmission path 

length. 

2.3. AuNSs Synthesis 

AuNSs were prepared by a modified seed-mediated growth method
28

 in water. 

Firstly, a seed solution was prepared by adding 5 mL of citrate solution (1%) to 95 mL 

of a boiling HAuCl4 (0.45 mM) solution under vigorous agitation. The gold seeds were 

citrate-stabilized after boiling for 5 min (red colloid). The seed solution was cooled 

down to room temperature. Then, 750 µL of seeds were added under gentle stirring to 

50 mL of a HAuCl4 (0.25 mM) solution containing 50 μL of HCl (1.0 M). Next, 500 μL of 

AgNO3 (3 mM) and 250 μL of ascorbic acid (100 mM) were added simultaneously. 

Finally, 500 μL of PEG-SH (0.2 mM) was incorporated and mixed for 30 min to stabilize 

the AuNSs (blue colloid). AuNSs were washed by centrifugation at 1190g and 10 °C for 

30 min. Then, the final AuNS colloids were redispersed in N-(2-

hydroxyethyl)piperazine-N’-ethanesulfonic acid (HEPES)-buffered medium at 

physiological conditions (40 mM, pH = 7.4). 
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2.4. Preparation of Lipoplex-AuNS system 

Appropriate amounts of IGCL and DOPE solutions in chloroform were mixed to 

obtain the optimal IGCL molar composition (α = 0.2).
10

 The solvent was evaporated 

under high vacuum to form a dry lipid film. Then, the film was hydrated and 

homogenized with the AuNSs colloidal solution at different nanoparticle 

concentrations by alternating vortex/sonication cycles. The liposome-AuNS system thus 

obtained was incubated with pDNA at room temperature for 30 min, affording the 

lipoplex-AuNS system. The pDNA concentration in this system was set at 0.05 mg/mL 

for ζ−potential measurements and at 0.02 mg/mL for the femtosecond laser irradiation 

experiments. 

The lipoplex-AuNS system was formed at selected mass ratios of lipid mixture and 

pDNA (mL/mpDNA), following equation 1: 

L pDNA IGCL DOPE pDNAm /m = (m +m )/m      (1) 

being mL, mIGCL, mDOPE and mpDNA the mass of the total mixed lipid, IGCL, DOPE, and 

pDNA, respectively. 

The lipoplex-AuNS system was prepared at the selected effective charge ratio given 

by equation 2: 

++
eff,IGCL IGCL GCL

eff - -
pDNA/bpeff,pDNA pDNA

q (m /M )n
ρ  =  =

n q (m /M )
    (2) 

where n
+
, n

-
, q

eff,IGCL

+ , q
eff,pDNA

-
, MIGCL and MpDNA are the number of moles of positive 

(IGCL) and negative (pDNA) charges, effective charge of IGCL and pDNA per bp, and 

the molecular weight of IGCL and pDNA per bp, respectively. 

2.5. -Potential Measurements 

The −potential of the AuNSs and those of the liposomes and lipoplexes in the 

absence and presence of AuNSs (100 pM) were determined by electrophoretic mobility 

measurements using the phase analysis light scattering technique (Zeta PALS, 

Brookhaven Instruments Corp., Holtsville, USA). The experimental conditions selected 

were a temperature of 25 °C, dispersant refractive index of 1.33, viscosity of 0.9 cP, and 

dispersant dielectric constant of 78.5. Each value of −potential is the average of 50 

independent measurements, collected in a sigmoidal curve as a function of the mass 

ratio (mL/mpDNA).
29-30

 



 
255 

Controlled pDNA Release in Gemini Cationic Lipoplexes by Femtosecond Laser 

Irradiation of Gold Nanostars 

2.6. Femtosecond Laser Irradiation 

The system included an amplified Ti:sapphire laser (Tsunami, Spectra-Physics) 

centered at 800 nm, with a pulse duration of 90 fs and repetition rate of 1 kHz. The 

laser power density was controlled by a variable neutral density filter, with a laser spot 

diameter of 5 mm. The lipoplex-AuNS system at selected nanoparticle concentrations 

(from 20 to 200 pM) was irradiated in a 96-well plate at different times (from 5 to 60 

min) and femtosecond laser power densities (from 50 to 700 mW). 

2.7. Agarose Gel Electrophoresis 

The release of pDNA after femtosecond laser irradiation of the lipoplex-AuNS 

system was determined by agarose gel electrophoresis. Free pDNA (used as the 

control) and the lipoplex-AuNS samples (at different conditions of irradiation) were 

loaded in a 0.8% (w/v) agarose gel in 1x TAE buffer with 0.7 µL of GelRed probe. 

Electrophoresis was run at 100 mV and 400 mA for 1 h. The agarose gels were 

visualized using a Gel Doc XR instrument (Bio-Rad) running the Quantity One software, 

which allowed quantification of the trace pDNA bands (Int*mm). Probe emission was 

excited at 302–312 nm and recorded at 600 nm. 

2.8. Transmission Electron Microscopy 

TEM micrographs were recorded on a JEOL JEM 1400 transmission electron 

microscope operating at an acceleration voltage of 120 kV. In the stained TEM images, 

both non-irradiated and irradiated systems were fixed with a solution containing 4% 

paraformaldehyde and 2.5% glutaraldehyde in HEPES for 2 h at 4 °C. After three washes 

(at 10,000 rpm, 10 °C, 15 min), the samples were stained with 1% osmium tetroxide in 

HEPES solution for 1 h at room temperature. The samples were further washed three 

times (at 10,000 rpm, 10 °C, 15 min), gradually dehydrated in solutions of acetone, and 

finally embedded in Epon. For TEM observation, the samples were previously cut by 

ultramicrotomy. 
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3. Results and Discussion 

3.1. Synthesis and Characterization of AuNSs 

Plasmonic AuNSs were synthesized following the colloidal seed-mediated growth 

method (Materials and Methods section). Citrate seeds were used to grow AuNSs, later 

functionalized with PEG-SH. Polyethylene glycol was used to confer high stability and 

biocompatibility to the nanoparticles, avoiding their aggregation at physiological ionic 

strengths.
31

 The AuNSs exhibited a broad LSPR band centered at 812 nm in water 

(Figure 1a), which can be assigned to a dipolar resonance localized at the tips.
21

 A slight 

blue shift of the LSPR band to 805 nm was observed in HEPES-buffered medium, as a 

consequence of the changes in the chemical environment.
32

 AuNSs with cores of 55.0 ± 

10.0 nm and spikes of 50 ± 25 nm were visualized by TEM (Figure 1b and c). 

 

Figure 1. (a) Normalized UV-Vis-NIR spectra of the AuNSs with LSPR bands centered 

at 812 nm in water (red line) and 805 nm in HEPES-buffered medium (gray line), and of 

the liposome-AuNS and lipoplex-AuNS systems with the LSPR band centered at 785 

(black line) and 780 nm (blue line). (b,c) TEM micrographs of AuNSs at low and high 

magnifications. 

3.2. Formation and Characterization of the Lipoplex-AuNS system 

The dry film formed by IGCL and DOPE was hydrated with the AuNSs colloid 

solution to form the liposome-AuNS and lipoplex-AuNS systems upon addition of 

pDNA (Materials and Methods section). The LSPR bands of the nanoparticles in the 

liposome-AuNS and lipoplex-AuNS systems displayed a blue shift to 785 nm and 780 

nm in HEPES-buffered medium (Figure 1a), respectively, due to changes in the chemical 

environment around the AuNSs. The decrease in intensity of the normalized LSPR band 
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in both systems was attributed to an increase in the spectral background resulting from 

incorporation of the lipid mixture and pDNA. As shown by the stained TEM 

micrographs in Figure 2a,c, the AuNSs were not in direct contact with the liposomes, 

but coexisted in the lipid mixture by confinement in the inter-liposome space. Figure 

2b,d shows that the presence of AuNSs did not influence the formation of lipoplexes, 

for which a typical lamellar pattern was still observed and where the nanoparticles 

remained at the inter-lipoplex region. Therefore, in the presence of these nanoparticles, 

the stability of the IGCL/DOPE liposomes and lipoplexes is retained, and also the 

plasmonic properties of the AuNSs, ensuring thus the possibility of irradiation with 

femtosecond lasers at 800 nm. 

 

Figure 2. Stained TEM micrographs of the liposome–AuNS (a,c) and lipoplex–AuNS 

(b,d) systems. (e) −potential vs mL/mpDNA of the lipoplex (green points) and lipoplex-

AuNS (blue points) systems. 
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The −potential of the lipoplexes was studied in the absence and presence of 

AuNSs. Figure 2e shows the typical sigmoidal profile of −potential measurements vs 

mL/mpDNA (Eq. 1) in the lipoplex (green points) and lipoplex-AuNS (blue points) systems. 

The −potential values were similar, showing that the presence of AuNSs did not 

hinder the formation and stability of lipoplexes (Figure 2b,d), in good agreement with 

the analogous −potential values obtained for the liposome system in the absence (32 

± 2 mV) and presence (36 ± 2 mV) of AuNSs. Such coexistence was further supported 

by the null value of the −potential obtained in the case of free AuNSs (0 ± 1 mV). The 

Boltzmann-type fit provided an electroneutrality ratio (that is, the composition at which 

the net charge of lipoplex changes from negative to positive) of (mL/mpDNA)ϕ = 5.3 ± 0.3 

for the lipoplex and of 6.0 ± 0.3 for the lipoplex-AuNS system. Following a protocol 

described elsewhere,
29-30

 these values were used to obtain -

eff,pDNA/bpq  in the absence 

and presence of AuNSs, which indicated analogous effective pDNA charges per bp in 

both systems (-1.6 ± 0.1 and -1.8 ± 0.1, respectively). Finally, the values of -

eff,pDNA/bpq  in 

the presence of AuNSs and 
+

eff,GCLq  (+1.7 ± 0.1)
10

 were used to determine the effective 

charge ratio (Eq. 2) of the lipoplex-AuNS system (eff = 5), at which the lipoplexes are 

positively charged at moderate IGCL concentrations. 

3.3. Femtosecond Laser Irradiation of the Lipoplex-AuNS System 

Among the plasmonic properties of AuNSs, they display high plasmonic efficiency at 

800 nm (Figure 1a). By controlled irradiation with femtosecond laser pulses at such 

wavelength, the thermal heating thus generated can be exploited to disrupt the 

lipoplex structure, thereby inducing the release of pDNA from the lipoplex-AuNS 

system (see scheme in Figure 3a).  

Agarose gel electrophoresis was used to monitor the pDNA release after irradiation 

(Materials and Methods section). Figure 3b shows the influence of the AuNS 

concentration and laser power density on the pDNA release. The lipoplex-AuNS system 

was prepared at different nanoparticle concentrations at which AuNSs are not 

cytotoxic
26

 (20, 50, 100, 150 and 200 pM). After irradiation at the optimal laser power 

density of 400 mW (Figure 3b, top panel) for 5 min, the lipoplex-AuNS systems was 

loaded in lanes 3, 5, 7, 9 and 11, at increasing order of nanoparticle concentration. The 

corresponding non-irradiated lipoplex-AuNS systems were also loaded in lanes 2, 4, 6, 

8 and 10, respectively. The fluorescent bands in lane 1 (free pDNA) are attributed to the 

coiled (upper band) and supercoiled (lower band) free pDNA conformations. 

The lack of bands in lanes 2, 4, 6, 8 and 10 confirms the full compaction of pDNA by 

the lipid mixture in the presence of AuNSs. Similar results were obtained for the 

lipoplexes in the absence of AuNSs (see agarose gel electrophoresis image in Figure S1 
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in the Supporting Information, SI). No fluorescent bands were observed in lane 3 (20 

pM AuNSs, after irradiation) (Figure 3b, top panel). From lane 5, the observation of 

bands indicates the release of pDNA in the irradiated systems. Therefore, a critical 

AuNSs concentration of 50 pM was concluded to be necessary to obtain enough 

thermal heating to trigger the release process. No significant increases in the 

fluorescence intensity of the bands were observed above this critical NP concentration. 

Additionally, equivalent lipoplex-AuNS systems irradiated at laser power densities 

below 400 mW for 5 min did not show significant pDNA release. In contrast, an 

increase of the laser power density to 700 mW resulted in more intense fluorescence 

(Figure 3b, bottom panel). Noticeably, the absence of new bands at both laser power 

densities indicated that no fragmentation of pDNA had occurred. 

 

Figure 3. (a) Scheme of irradiation. (b) Agarose gel electrophoresis of lipoplex-AuNS 

systems under non-irradiated (lanes 2, 4, 6, 8 and 10) and irradiated (lanes 3, 5, 7, 9 and 

11) conditions, at 400 mW (top panel) and 700 mW (bottom panel) for 5 min. The 

lipoplex-AuNS systems were prepared at different AuNS concentrations: 20 pM (lanes 

2-3), 50 pM (lanes 4-5), 100 pM (lanes 6-7), 150 pM (lanes 8-9) and 200 pM (lanes 10-

11). Free pDNA was used as the control (lane 1). 

The effect of femtosecond laser irradiation on the lipoplex-AuNS system was 

studied by UV-Vis-NIR spectroscopy and TEM. Figure 4 shows an example of 100 pM 

AuNSs after irradiation. Under 400 and 700 mW for 5 min, noticeable changes in the 
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LSPR band were observed, with blue shifts of 39 and 92 nm, respectively (Figure 4a). 

Analogous results were observed at different AuNS concentrations (Figure S2). These 

blue shifts indicate reshaping from star to spherical morphology with the increasing 

laser power density. The relatively long time of irradiation suggested the presence of 

an absorption inner filter effect, in which AuNSs that were firstly affected by the 

incident laser pulses absorbed more energy, and AuNSs behind needed more time to 

absorb enough energy to be sufficiently heated, process governed by the Brownian 

motion of the nanoparticles within the colloid. No significant changes in the LSPR band 

of AuNSs were appreciated at laser power densities below 400 mW (Figure S3). These 

results were corroborated by TEM imaging, whereby the number and length of spikes 

of AuNSs was seen to decrease with the increasing laser power density until the final 

formation of nanospheres (Figures 4b-d). Similar conclusions were drawn from 

irradiation experiments of the lipoplex-AuNS systems at different nanoparticle 

concentrations (Figures S4 and S5). 

 

Figure 4. (a) Normalized UV-Vis-NIR spectra of the lipoplex-AuNS system (100 pM 

AuNSs) under non-irradiated (blue line) and irradiated conditions, at 400 mW (red line) 

and 700 mW (brown line) for 5 min. TEM micrographs of lipoplex-AuNS systems (100 

pM AuNSs) under non-irradiated (b) and irradiated conditions at 400 mW (c) and 700 

mW (d) for 5 min. 

a) 

400 500 600 700 800 900
0.0

0.5

1.0

1.5

A
b

so
rb

a
n

ce
 (

a
.u

.)

l (nm)

b) c) d) 



 
261 

Controlled pDNA Release in Gemini Cationic Lipoplexes by Femtosecond Laser 

Irradiation of Gold Nanostars 

The structure of the lipoplexes in the presence of nanoparticles (100 pM AuNSs) 

after femtosecond laser irradiation at 100 and 400 mW was next investigated by TEM. 

Figure 5a,b shows that the characteristic lipidic pattern (lamellar structure, Figure 2b,d) 

was not affected at 100 mW. Interestingly, no morphological modifications of the 

AuNSs were observed at that laser power density (Figure S3d). At 400 mW, however, 

the lipid bilayer structure could not be clearly identified (Figures 5c,d), suggesting the 

disruption of the lipoplexes by thermal heating, therefore triggering the pDNA release. 

 

Figure 5. Stained TEM micrographs of the lipoplex-AuNS system (100 pM AuNSs) at 

irradiation conditions of 100 mW (a,b) and 400 mW (c,d) for 5 min. 

So as to optimize the pDNA release efficiency, the effect of the irradiation time (5, 

15, 30 and 60 min) on the lipoplex-AuNS system (100 pM AuNSs) at the lowest 

effective laser power density (400 mW) was studied. Figure 6a shows the agarose gel 

for the electrophoresis experiment. Irradiated systems were loaded in lanes 3, 4, 5 and 

6, at increasing order of irradiation time. The free pDNA control and the corresponding 

non-irradiated lipoplex-AuNS system were loaded in lanes 1 and 2, respectively. Figure 

6b shows the quantification of the two fluorescent bands in each lane, corresponding 

to the coiled (unstriped bars) and supercoiled (striped bars) pDNA conformations. The 

intensity of the band fluorescence increased with the irradiation time and, with it, the 
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efficiency of pDNA release. Note that the pDNA release achieved efficiency values up 

to 75% at times longer than 15 min. Again, no additional fragments of pDNA were 

observed with the increasing irradiation time.  

Analysis of the UV-Vis-NIR spectra of these lipoplex-AuNS systems showed the 

expected blue shift of the LSPR band with the irradiation time (Figure S6a) as a 

consequence of the pronounced reshaping of the nanostars into nanospheres 

observed by TEM (Figure S6b-f). Accordingly, disruption of the lipoplexes was also 

observed at all irradiation times (Figure S7a-d), while no modification of the lipid 

pattern occurred below 400 mW (Figure S7e-h). 

 

Figure 6. (a) Agarose gel electrophoresis of the lipoplex-AuNS system (100 pM AuNSs) 

irradiated at 400 mW and different times: 5 min (lane 3), 15 min (lane 4), 30 min (lane 5) 

and 60 min (lane 6). Lane 1: free pDNA as the control; lane 2: non-irradiated lipoplex-

AuNS system. (b) Quantification of the pDNA release as a function of the time of 

irradiation (min). Traces (Int*mm) of the fluorescent bands of coiled (unstriped bars) 

and supercoiled (striped bars) pDNA conformations. 

4. Conclusion 

The addition of plasmonic AuNSs during the preparation of lipoplexes at 

physiological conditions did not affect the typical lamellar pattern of such systems, 

since the nanoparticles were found to remain confined at the inter-lipoplexes spaces. 

The high electromagnetic enhancement at the tips of AuNSs by LSPR excitation with 

femtosecond laser pulses allowed for controlled nanoparticle heating, disrupting the 
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structure of the lipoplexes by thermal heating and thus inducing effective pDNA 

release. The optimum release conditions were determined as a critical AuNS 

concentration of 50 pM and laser power density of 400 mW, with an efficiency that 

reached up to 75% at irradiation times beyond 15 min. Under these experimental 

conditions, the thermal heating that triggered the release of pDNA also resulted in 

reshaping from nanostars to nanospheres. Irradiation of the lipoplex-AuNS system did 

not lead to pDNA fragmentation. We have demonstrated that the femtosecond pulse 

laser excitation of AuNSs can be used as an external stimulus for “on-demand” pDNA 

release, offering an interesting strategy for potential transfection applications. Further 

experiments will be required to determine the viability of the present lipoplex-AuNS 

system, and derivative systems with larger interaction specificities between lipoplex and 

AuNSs, to control transfection assisted by femtosecond laser irradiation in different cell 

lines. 
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Agarose gel electrophoresis experiments of GCL/DOPE-pDNA lipoplexes (without 

AuNSs); additional UV-vis-NIR spectra and/or TEM and stained TEM micrographs at 

different experimental conditions (AuNS concentration, laser power density and/or 

irradiation time).  
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Figure S1. Agarose gel electrophoresis experiments of IGCL/DOPE-pDNA lipoplexes 

(without AuNSs). Adapted from Biomacromolecules 2013, 14, 3951−3963 with 

permission of ACS Publications. 

 

 

Figure S2. Normalized UV-vis-NIR spectra of the lipoplex-AuNS system under 

irradiated conditions, at 400 mW (a) and 700 mW (b) for 5 min, and at increasing 

AuNS concentration 20, 50, 100, 150 and 200 pM (from light to dark color).  

 

 

 

   ρ
eff 

 > 1    ρ
eff 

 < 1 

400 500 600 700 800 900
0.0

0.5

1.0

1.5

A
b

so
rb

an
ce

 (
a.

u
.)

l (nm)
400 500 600 700 800 900

0.0

0.5

1.0

1.5

A
b

so
rb

an
ce

 (
a.

u
.)

l (nm)

a) b) 



 

 

 

270 Supporting Information 

 

Figure S3. (a) Normalized UV-vis-NIR spectra of the lipoplex-AuNS system (100 pM 

AuNSs) under non-irradiated (blue line) and irradiated conditions, at 50 mW (pink line), 

100 mW (green line), 200 mW (purple line) and 400 mW (red line) for 5 min. TEM 

micrographs of the lipoplex-Au NS systems (100 pM AuNSs) under non-irradiated 

conditions (b) and irradiated conditions at 50 mW (c), 100 mW (d), 200 mW (e), and 

400 mW (f) for 5 min. 
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Figure S4. TEM micrographs of the lipoplex-AuNS system (200 pM AuNSs) at 

irradiated conditions of 400 mW (a,c,e) and 700 mW (b,d,f) for 5 min.  
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Figure S5. TEM micrographs of the lipoplex-Au NS system (150 pM AuNSs: a-c; 50 pM 

AuNSs: d-f; 20 pM AuNSs: g-i) at non-irradiated conditions (a,d,g) and at irradiated 

conditions of 400 mW (b,e,h) and 700 mW (c,f,i) for 5 min.  

a)  b)  c)  

d)  e)  f)  

g)  h)  i)  
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Figure S6.  (a) Normalized UV-vis-NIR spectra of the lipoplex-AuNS system (100 pM 

AuNSs) under non-irradiated (blue line) and irradiated conditions, at 400 mW and 

different times: 5 min (red line), 15 min (green line), 30 min (purple line) and 60 min 

(orange line). TEM micrographs of the lipoplex-AuNS system (100 pM AuNSs) under 

non-irradiated (b) and irradiated conditions at 400 mW and different times: 5 min (c), 

15 min (d), 30 min (e), and 60 min (f).  
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Figure S7. Stained TEM micrographs of the lipoplex-AuNSs (100 pM AuNSs) under 

irradiated conditions at 400 mW (a-d) and 100 mW (e-h) for 5 min (a,e), 15 min (b,f), 

30 min (c,g) and 60 min (d,h). 

a) b) c) d) 

e) f) g) h) 
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The success of the internalization of NAs presents many challenges independently 

of their biochemical character or mechanism of action (e.g., pDNA or siRNA). There are 

many steps in the NAs insertion process that are susceptible to failure. Many questions 

arise when the nanovector in charge of compacting, protecting, internalizing and 

releasing NAs in the cell cytoplasm does not provide the expected results, i.e., the 

expression of the specific protein or its silencing is not finally observed. Why did the 

transfection not occur? The answer may be related to the formation of the complex 

and/or the environmental conditions, that is, the biological medium. Has the proposed 

nanovector not been able to compact NAs, or did the conditions of the medium hinder 

its stability? Has the nanovector not provided sufficient protection, causing the NAs to 

degrade, or was it inhibited by any of the biological barriers? Were the interactions 

with biological components what prevented its target? Was the protein corona what 

triggered the clearance of the nanovector? Was the nanovector not able to cross the 

cell membrane? And if so, was the release of NAs into the cytoplasm not possible? Did 

the NAs degrade inside the cell before achieving their purpose?  

Providing all these questions with an answer requires a multidisciplinary approach 

that uses different techniques and methodologies in all the phases involved. These 

steps range from the design, preparation, and biophysical characterization of the 

nanovector, to the biochemical experiments that report its performance in in vitro 

studies, which determine the potential use in in vivo or ex vivo tests.  

Under such perspective, and following the objectives considered in Chapter 1, the 

first objective of this thesis was to develop and characterize new lipid-based 

nanovectors for pDNA transfection and siRNA gene knockdown, framed within the 

main research line that our group has been developing in the last decade. The 

challenge was to find new molecules that can act as vectors of NAs with better 

transfection levels and lower cytotoxicities than the previous ones, including the 

commercial controls such as Lipofectamine2000*. Previous studies in the group 

indicated that vectors based on lipids with long chains (from C16 onwards) and short 

spacers with hydrophilic groups (in the case of GCLs) displayed satisfactory results. 

Moreover, the delocalization of the positive charges on cationic heads in the GCLs was 

a factor that enhances the transfection efficiency of the vector, and cationic amino 

acids or derivatives included in the heads were likely to improve the biocompatibility of 

the vector.  

Taking all of this into account, the efforts in this doctoral thesis were focused on the 

biophysical characterization of such synthetic CLs mixed with their corresponding 

helper lipid, and their evaluation as nanovectors for NAs.  Full individual studies were 

carried out for LYCl, C12ANHC18 and C3(C16His)2, as reported in Chapters 3, 4 and 5, 

respectively. These CLs were synthetized with one or two long hydrocarbon chains and 

lysine, arginine or histidine residues on the cationic head groups. On the other hand, a 

comparative study of three GCLs with imidazole or ammonium heads and different 
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spacers (oxyethylene or methylenes) was performed in Chapter 6. In all cases, CLs 

provided the nanovector with the positive charge required to electrostatically interact 

with NAs, but it was necessary to complete the lipid mixture with a helper lipid. DOPE 

was used for pDNAs transfection, while MOG was the neutral lipid selected in siRNAs 

gene knockdown studies. Both are well-known fusogenic lipids that enhance or 

facilitate the vector fusion with the cell membrane during the endocytosis process, 

attributed to the presence of double bonds of their chains. All the lipid mixtures were 

formed at different compositions ( that, on the one hand, provide enough positive 

charge to interact with the NAs, but with a high content of helper lipid that increases 

the fusogenic capabilities of the nanovectors. 

The formation of lipoplexes is a spontaneous process driven by electrostatic 

interactions between oppositely charged CLs and NAs. The entropic gain from the 

released counterions promotes the association between the cationic lipid mixture and 

the NAs. Thanks to this feature, these systems can be characterized by using 

electrochemical techniques. The effective charges of both CLs and pDNAs were 

determined following a protocol formerly developed by the group. On the one hand, 

the CLs used in this doctoral thesis showed effective positive charges practically equal 

or lower to the nominal ones, as also found in previous studies with similar lipids. On 

the other hand, it was also confirmed that pDNAs only exhibit a fraction of their charge, 

i.e., their effective negative charge (q
eff, pDNA

-
) is less negative than the nominal one (-

2/bp). This occurs because pDNAs retain part of the positive counterions (normally 

Na
+
) when they adopt coiled or supercoiled conformations at physiological conditions 

of pH and ionic strength. Consequently, for the same amount of pDNA, the 

electroneutrality is achieved at smaller cationic lipid mixture content. This fact will have 

positive consequences in biological studies since a lower amount of cationic lipid 

usually implies lower cytotoxicity.  

The advantages of working with effective charges instead of nominal charges have 

been demonstrated throughout the different studies carried out by our group. The 

results of this doctoral thesis reinforce this idea since pDNAs showed different 

electrochemical behavior than linear DNAs, such as ctDNA. They also differ from 

siRNAs molecules, whose short and linear nature prevents them from adopting coiled 

and supercoiled conformations like pDNAs. Thus, the siRNA behavior resembles that of 

ctDNA molecules, and, therefore, its effective and nominal charges are assumed to be 

identical (-2/bp). 

MM and MD studies support these electrochemical experimental results. The 

lipoplexes studied by MD between LYCl/DOPE lipid bilayers and DNA fragments were 

stable and almost 100% of the total interactions were electrostatic in nature. As 

expected, the lipoplex with the highest CL content was the most stable one. In the case 
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of DNA fragments, the absence of repulsive interactions upon lipoplex formation 

indicates that their stabilization only occurs in presence of cationic lipid bilayers.  

The obtained effective charges and electroneutrality ratios were used to work with 

effective charges ratios (eff) in subsequent structural and biochemical studies. To form 

the lipoplexes, two effective charge ratios (4 or 5 and 10) were selected and tested. The 

former condition was chosen to obtain a lipoplex with a positive net charge that 

ensures a high NAs compaction and favors the interaction with the anionic cell 

membrane, but at the lowest possible CL content that avoid potential cytotoxicity. Also, 

it was evaluated whether the in vitro results were maintained or even improved at 

higher eff value, without necessarily decreasing their bioavailability. 

All the nanovector formulations used during the production of this doctoral thesis 

have proved to be effective agents for pDNA or siRNA compaction. They also assured 

the pDNA protection against the action of DNase I, a degradative enzyme present in 

physiological fluids. Both the NAs compaction and protection are essential issues for 

future in vivo applications. 

It is also critical that nanovectors have suitable sizes and polydispersity indexes 

(PDIs). The hydrodynamic diameters (Dh) obtained for all the lipoplexes studied were 

around 200 nm, while the PDIs were below 0.4. These features guarantee efficient 

crossing through the cell membrane and can prevent their elimination by the MPS.  

From the structural point of view, SAXS and cryo-TEM measurements provided 

conclusive and consistent information of the structural pattern of the lipoplexes. Those 

formed with pDNAs self-aggregate in Lα lamellar lyotropic liquid crystal phase, as 

LYCl/DOPE-pDNA nanosystem, while those constituted by siRNA showed two different 

phases. C3(C16His)2/MOG-siRNA lipoplexes (Chapter 5) were also arranged in a L 

lamellar phase but C12ANHC18/MOG-siRNA lipoplexes (Chapter 4) displayed two 

coexisting bicontinuous cubic phases. 

As already described in this work, Lα consists on a multilamellar arrangement of 

alternating lipid bilayers and aqueous monolayers containing the NAs. The interlayer 

distance, also known as bilayer periodicity, d, was (6.1 ± 0.3) nm for C3(C16His)2/MOG-

siRNA lipoplexes and (6.8 ± 0.7) nm for LYCl/DOPE-pDNA lipoplexes. Considering that 

the thickness of the lipid bilayer, dm (estimated by cryo-TEM and Tanford’s model) was 

4.5 or 4.8 nm, respectively, the thickness of the water region, dw (=d - dm) was 

calculated to be 1.6 nm for C3(C16His)2/MOG-siRNA lipoplexes and 2.0 – 2.3 nm for 

LYCl/DOPE-pDNA lipoplexes. Notice that dw (the space where NAs are located) was 

lower for siRNAs molecules than for pDNAs, as expected since pDNAs are much larger 

in size than siRNAs. These distances were also corroborated in the Lα lamellar phase of 

LYCl/DOPE-pDNA lipoplexes by computational calculations. From the analysis of MD 

simulations d, dm and dw were (6.5 ± 0.2) nm, (4.6 ± 0.3) nm and (2.1 ± 0.1) nm, 
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respectively, in good agreement with distances obtained by SAXS and cryo-TEM 

experiments. 

According to the bicontinuous cubic phases, the C12ANHC18/MOG-siRNA lipoplexes 

showed coexistence of the double-diamond phase (QII
D
), with Pn3m crystallographic 

space group, and the double-gyroid phase (QII
G
), with Ia3d crystallographic space 

group. In such phases, lipid bilayers form four or three continuous channels of water, 

containing the anionic siRNA at angles of 109.5° and 120° for Pn3m and Ia3d, 

respectively. Both bicontinuous cubic phases and the Lα lamellar phase are found in 

MOG/water system. The lattice spacing was calculated for bicontinuous cubic phases, 

being (8.1 ± 0.5) nm for Pn3m and (12.6 ± 0.9) nm for Ia3d, within a range reported for 

the MOG/water system.  

MOG and DOPE are well-known and widely used as helper lipids. Both have a 

common structural feature, the presence of a double bond in 9-position of their 

hydrophobic chains (two in DOPE, and only one in MOG) that drastically decreases the 

gel-to-fluid transition temperature (Tm) of the lipid mixture, making the corresponding 

bilayer (membrane) more flexible. Hence, its fusogenic nature and interest in this field 

can be understood. DOPE is known to favor the inverse hexagonal phase HII
C
, while 

MOG promotes the cubic phases. However, both phases appear mostly when either 

DOPE or MOG are in clear excess within the lipid mixture, i.e., at molar fractions  ≤ 0.2. 

Bicontinuous cubic phases have been reported to give better transfection/silencing 

results than hexagonal ones, and these than lamellar ones. Certainly, the bicontinuous 

character of cubic phases would facilitate the release of the genetic cargo much more 

than lamellar phases do. It is documented that reversed cylindrical micelles 

(hexagonally ordered) would fall in between of these two phases, i.e., NAs may exit the 

aqueous inside of the micellar cylinders more easily than they may escape from the 

sandwich pattern typical of lamellar aggregates, but not as easy as from a bicontinuous 

channel. Nonetheless, there is some controversy in this regard, since, with so many 

factors to be taken into account, the difference in the biological activity of the 

nanovector very possibly has more to do with the excess of fusogenic lipid (mandatory 

in these phases), which in turn promotes the release of NAs via endosomal escape, 

than with a merely structural issue.  

Another aspect to consider for the selection and design of the studied nanovectors 

was their biocompatibility. Nanovectors have to be cell-friendly to be applied in future 

in vivo studies. Animal and cancer cells such as COS-7 (African green monkey kidney), 

HeLa (human cervix adenocarcinoma) and mouse astrocytes T731 were the cell lines 

selected for the in vitro experiments. Cell viability assays demonstrated that all the 

studied nanovectors were safe for the cells at the selected  and eff conditions. Cell 

viabilities percentages remained higher than 80% throughout, the threshold considered 

acceptable by the scientific community to consider a nanovector suitable for in vivo 
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experiments. Moreover, in all cases, percentages of cell viabilities were comparable, or 

even better, than those obtained with the universal control used Lipofectamine2000*. 

With respect to the biological activity of the lipoplexes, it must be taken into 

account that the experimental results for in vitro studies can only be compared to the 

control used (in our case Lipofectamine2000*), or to another nanovector if the 

experiments were performed simultaneously. Analysis performed under different 

conditions and/or different cell lines are never quantitatively comparable. Also, the 

methodological approach changes depending on the strategy followed: pDNA 

transfection vs siRNA gene knockdown. The pDNA transfection with nanovectors is 

confirmed upon the expression of a specific protein. Usually, pDNAs used in in vitro 

studies encode for a luminescent protein, thus, transfection is confirmed when an 

increase in luminescence is detected. Conversely, in gene knockdown studies, 

nanovectors introduce siRNAs molecules that (ideally) mute or at least reduce the 

expression of luminescent proteins, causing a decrease in the original luminescent 

signal. In both cases, several controls should be used to ensure that protein expression 

or silencing of protein expression is actually occurring, depending on the strategy 

followed. 

Nanovectors used for siRNA gene knockdown in Chapters 4 and 5 (C12ANHC18/MOG 

and C3(C16His)2/MOG, respectively) achieved a decrease in the MIF and/or % GFP signal 

with respect to untreated cells in the two cell lines employed (previously treated to 

overexpress the GFP). Both nanovectors improved the values obtained by the 

commercial Lipofectamine2000*, with better GFP knockdown results for the lipoplex 

composition eff = 10, also confirmed by epifluorescence microscopy. The MFI and % 

GFP values obtained by the controls used in these experiments indicated two relevant 

aspects. First, the reduction of the MFI (or % GFP value) was a consequence of the 

antiGFP-siRNA sequence, since the cells treated by the non-targeting siRNA did not 

show a decrease on fluorescence signal respect to that for the untreated cells. And 

second, the requirement to use vectors to insert the antiGFP-siRNA, since no significant 

changes in fluorescent signal were observed in cells treated with free siRNA. Thus, the 

gene knockdown experiments demonstrated that nanovectors were able to insert 

specific siRNAs into cells and can be potentially adequate candidates for in vivo studies. 

Gene knockdown raises special interest by the possibility to exclusively block the 

defective genes responsible for a specific disease. 

Otherwise, for the pDNA transfection, LYCl/DOPE (Chapter 3) and GCLs/DOPE 

(Chapter 6) lipid mixtures were used to transfect pEGFP-C3 and/or pCMV-Luc. Flow 

cytometry and/or luminometry experiments showed the capacity of the nanovectors to 

transfect the pDNAs. Furthermore, the selected formulations ( and eff values) showed 

outcomes even better than those of the control Lipofectamine2000*. It is important to 

highlight the versatility in the compaction of pDNAs that showed LYCl/DOPE and 

GCLs/DOPE lipid mixtures. Such compositions compacted, protected and transfected 
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two pDNAs with different sizes and high molecular weight (pEGFP-C3 with 4700 bp and 

pCMV-Luc with 6934 bp). This may be a really important condition to be taken into 

account in the search for a "universal" nanovector. 

The Chapters 3-6 discussed so far explored different approaches to improve the 

bioavailability and efficiency of transfection and/or gene knockdown, which may 

contribute in directing the design and synthesis of new non-viral gene vectors. 

However, in order to fulfill the requirements as gene therapeutic agents, nanovectors 

must be capable of inserting NAs with specific activity. For this reason, the second 

objective of this thesis was to find nanovectors capable of replacing uncorrected DNA 

sequences responsible for a given disease.  

In particular, the challenge was to transfect a plasmid that encodes for interleukin-

12, a promising cytokine in clinical applications due to its biological properties. 

Considered as a pro-inflammatory cytokine, IL-12 is majorly produced by dendritic cells 

(DC) and phagocytic cells in response to infections. One of the functions of IL-12 is to 

activate the NK cells and promote the T cell differentiation. An efficient immune 

response is crucial to prevent the uncontrolled inflammatory reaction that causes many 

diseases. For instance, abnormal levels of certain cytokines, such as IL-12, were 

observed in the most severe SARS-CoV-2 patients. To favor the differentiation of the 

cells in charge of the adaptive immune response and combat the COVID-19, a 

preventive vaccine which combines co-delivery of two pDNAs (one encoding for the 

SARS-CoV-2 spike (S) protein and the other for IL-12) is under development. On the 

other hand, IL-12 also induces the IFN-γ production, another cytokine involved in the 

anti-angiogenic mechanism. This finding has put IL-12 in the spotlight for certain 

therapies to slow tumor growth. In fact, IL-12 has demonstrated to be a successful 

antitumor agent in preclinical studies. However, the internalization of pDNAs encoding 

IL-12 is still limited and in vivo results do not meet the expectative. These facts 

prompted the design of new strategies and/or vectors for IL-12 delivery.  

The second objective of this thesis was conceived to further endorse the use of 

GCLs with imidazole groups as polar heads in combination with DOPE, as nanovectors 

for the insertion of plasmid DNA encoding for IL-12 (pCMV-IL12) into COS-7 and HeLa 

cells (Chapter 6). Optimal GCL formulations previously reported by us were selected for 

IL-12-based biophysical experiments. In vitro studies (ELISA) demonstrated efficient 

pCMV-IL12 transfection by GCL/DOPE lipid mixtures with comparable or superior 

cytokine levels than those obtained with commercial control Lipofectamine2000*. 

Furthermore, the nanovectors did not present significant toxicity, showing high cell 

viability values. These interesting results are accompanied by an initial physicochemical 

characterization to confirm DNA compaction and protection by the lipid mixture. 

Although further studies would be necessary, these GCLs exhibit promising 

characteristics as candidates for pCMV-IL12 transfection in future in vivo applications. 

This is one of the most remarkable results in this doctoral thesis since it represents the 
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transfection of therapeutic NAs, using the lipoplexes studied and developed in our 

group. In fact, it has allowed us to put into practice all the knowledge learnt over years 

of research. 

After producing extensive results for the design of nanovectors and proving that 

they can be used to transfect therapeutic NAs, the third objective was to explore 

different ways to mimic in vivo conditions in the laboratory. Many current 

methodologies require the administration of genetic material, like IL-12, in restricted 

tumor areas or directly on the tissue of interest. The hostile conditions that nanovectors 

endure in biological environments are one of the main challenges in current 

biomedicine. Therefore, being able to get as close as possible to the real conditions of 

in vivo assays in the laboratory is essential to study the possibilities of the nanovector. 

Chapters 4-6 contribute to fulfill the third objective through the evaluation of the 

proteomic profile that surrounds the lipid-based nanovectors incubated with human 

serum proteins. The PC confers a new biological identity to the nanovector when it is 

exposed to any biological environment. This corona, which is what the cells actually 

"see", influences the journey of the vector, and, thus, it is reasonable to admit that the 

composition and characteristics of PC somehow decide the target of the vector.  

All of the lipoplexes studied herein, with the exception of LYCl/DOPE-pDNA, were 

analyzed by a nanoCL-MS/MS technique to determine the PC composition and to 

predict its influence on the insertion of NAs. A large number of proteins were identified 

in all the nanovectors and classified according to their molecular weight, isoelectric 

point and physiological function. Although lipid-based nanovectors have different 

structural characteristics and were mixed with different helper lipids (DOPE or MOG), 

the overall results were interestingly similar in all the cases. Proteins with low molecular 

weight (<70 KDa) were preferentially adsorbed on the surface of the nanocarrier 

(~70%), while much lower percentages (~9%) of the total amount of proteins had 

molecular weights above 150 kDa. Also, the mostly proteins showed a isoelectric point 

below 7, which indicated that one of the main forces driving the PC formation process 

is the electrostatic interaction that arises between anionic proteins and cationic 

nanovectors. According to physiological function, lipoproteins were the proteins 

identified with highest percentages (31 – 39%), which can be an advantage for the 

lipoplexes studied since these proteins are related to intercellular transport of insoluble 

lipids and can promote longer bloodstream circulation times. Acute-phase and 

immunoglobulins, in charge in the immune and inflammatory response, were also 

found although with lower percentages (15 – 25% and 12 – 18%, respectively). Tissue 

leakage, coagulation and complement proteins were found in a much lower proportion 

(3 – 9%, 4 – 7% and 4 – 10%, respectively). Many of such proteins are considered 

opsonin proteins since they participate in the innate immune response. For instance, 

complement proteins bind to pathogens to be recognized and eliminated by the 

phagocytes, while coagulation proteins physically trap them to stimulate the 
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opsonization process. The fact that these proteins were found in lower proportions 

than the others ones could enhance the capabilities of the nanovectors in physiological 

fluids.  

Analyzing in detail the mostly proteins (top 25), the results according to their 

molecular weight, isoelectric point and physiological function were consistent. 

Apolipoproteins (such as APO I and II) and serum albumin were always identified in the 

top 25 group as the most predominant proteins. It can suggest potent performance of 

nanovectors for future therapies since apolipoproteins, and especially albumin, increase 

half-life times in the bloodstream. Also, complement proteins that trigger the immune 

response were not significantly found. It was observed that the main proteins adsorbed 

to the different lipoplexes were similar when using the same human serum 

composition. Therefore, a general conclusion can be drawn: although PC is not 

“universal” and depends on many parameters (as described in the Chapter 1), it follows 

a general trend within nanovectors studied herein with different structural 

characteristics, but comparable cationic surfaces. In other words, what biological 

proteins “see” is the surface of the nanovector with a given surface density (cationic) 

charge regardless the structural details of these cationic heads. 

The presence of PC was also studied from a structural point of view. SAXS 

experiments were carried out for C12ANHC18/MOG-siRNA and C3(C16His)2/MOG-siRNA 

lipoplexes after incubation in human serum. Although these nanovectors showed 

different structures (bicontinuous cubic vs Lα lamellar phases), the presence of PC had a 

similar effect in both lipoplexes. Proteins did not modify the original phases but 

favored the formation of additional ones at lower q values (higher distances), in 

concordance with the fact that the proteins were adsorbed onto nanovector’s surface. 

When comparing which proteins were adsorbed to the surface of the vectors with 

different structures, no remarkable differences were found. That is, the proteins 

identified in the Lαlamellar phases were not so different from those found in the 

bicontinuous phases. Thus, it seems that the structure of the lipoplex did not decisively 

influence in the type of proteins that interacted with the vector surface. 

Determining the composition of PC is essential for future in vivo scenarios and 

subsequent clinical trials. Possible ideas for future studies could be to study the 

dynamic evolution of the PC and/or functionalize the surfaces of the nanovectors with 

specific receptors for certain proteins, in order to either promote the adsorption of 

favorable proteins (which may improve the vector half-life times in the bloodstream or 

improve their entry through the cell membrane) or avoid that of unfavorable proteins 

(which trigger the action of macrophages).  

Finally, and according to the fourth objective described at the beginning of this 

doctoral thesis, Chapter 7 presented a new approach to induce NAs release in lipid 

nanovectors using the plasmonic properties of AuNPs irradiated by ultrafast laser 
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radiation. This study was focused on the lipid-based nanovector formed by the GCL2 of 

Chapter 6 (that changed the name to IGCL in Chapter 7) mixed with DOPE and the 

plasmid DNA that encodes for GFP (pEGFP-C3). Chapter 6 already provided valuable 

biophysical information on the IGCL/DOPE (or GCL2/DOPE) mixture and the lipoplexes 

formed with pCMV-Luc and pCMV-IL12 in absence of AuNSs. In particular, -potential 

and agarose gel electrophoresis experiments demonstrated the high capacity of 

IGCL/DOPE mixture ( = 0.2) to compact and protect the NAs at effective charge ratio 

eff = 5. Accordingly, those conditions were also chosen to form the liposome-AuNSs 

system in the Chapter 7.  

It was verified that certain electrochemical, structural and morphological properties 

of the lipoplexes were maintained in the presence of the AuNSs. -potential 

measurements did not exhibit significant changes, and the Lα lamellar phase showed 

by IGCL/DOPE-pDNA lipoplexes was not altered in the presence of AuNSs. These 

AuNSs were confined at the inter-liposome or inter-lipoplexes space and did not 

aggregate during the lipoplex formation at physiological conditions (pH = 7.4). The 

AuNPs were previously functionalized with a poly(ethylene glycol) methyl ether thiol, 

which conferred them high stability and biocompatibility. Although this study did not 

include in vitro experiments, certain physiological conditions were stablished for future 

work. On the other hand, the AuNSs also maintained their optical properties, exhibiting 

a broad LSPR band centered at 780 nm in the lipoplex-AuNPs system. This was key to 

perform this study and to produce a nanovector that could efficiently release pDNA 

upon irradiation with near-infrared femtosecond laser pulses.  

The results of these experiments showed that a critical AuNSs concentration of 50 

pM and a laser power density of 400 mW, during at least 5 min of irradiation, were 

needed to achieve pDNA release. This was confirmed by agarose gel electrophoresis. 

However, it was necessary to increase the irradiation time to reach up to 75% of pDNA 

release. The high electromagnetic enhancement at the tips of AuNSs by LSPR excitation 

with femtosecond laser pulses increased the temperature of nanoparticle’s 

surroundings. This thermal heating triggered the release of pDNA and was powerful 

enough to reshape nanostars into nanospheres. It is important to note that the 

irradiation of the lipoplex-AuNS system did not lead to pDNA fragmentation, as 

evidenced by the absence of new fluorescent bands on the agarose gel. 

IGCL/DOPE-pDNA lipoplexes (or GCL2/DOPE-pDNA lipoplexes in Chapter 6), 

showed a favorable PC composition (high serum albumin and apolipoproteins content) 

and satisfactory in vitro results, in terms of transfection efficiency and cell viability in 

HeLa and COS-7 cells. This is essential for future in vivo assays since the possibility to 

control the NAs release through endosomal escape could significantly improve the 

overall transfection performance. The evaluation of the biological activity and the cell 

viability in the presence of AuNSs (i.e., lipoplex-AuNSs system), and how the PC is 



 

 

 

286 Chapter 8 

altered by the increase in temperature of the bulk after irradiation of AuNSs, are 

beyond the scope of this doctoral thesis and it will be studied in future research. 

This way, the next steps would be to test our approach in cells. The confined 

environment provided by endosomes could enhance the thermal heating process, 

decreasing the laser power density, the irradiation times and the AuNS concentration 

needed to release the NAs. In the case of PC, the increase of temperature caused after 

irradiation will modify the PC composition and its properties (such as surface charge 

density), although it is not clear whether this fact would favor endosomal escape or 

not. 

Ultimately, Chapter 7 was devoted to develop and optimize protocols that can be 

reproduced in other lipid systems with non-efficient in vitro transfection and aimed to 

solve the problem of the poor NAs release that can affect any nanovectors without a 

specific strategy of delivery. The results reported in this chapter stablish the basis to 

bring the advances in the use of lipid-based vectors and the optical properties of 

AuNPs together. 

In view of the results collected in Chapters 3 to 7 and references included therein, 

briefly put in common here, this doctoral thesis has showed a global but thorough 

overview of the process of internalization of NAs, and has pay attention to some of the 

most influential factors (PC formation and NAs release). This overall discussion allows 

us to draw the main conclusions mentioned in the following chapter.  
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The main conclusions of this doctoral thesis, as well as the potential steps 

concerning future research, were outlined in Chapter 8, along with the integrative 

discussion of the results presented in Chapters 3-7. Therefore, in this chapter only the 

most relevant aspects of this work are highlighted and grouped in four specific 

conclusions, related to the four initial objectives, as follows: 

Conclusions based on the first objective: To develop and characterize lipid-based 

nanovectors for pDNA transfection and siRNA gene knockdown. 

 The biophysical characterization with electrochemical, structural and 

computational studies was fundamental to determine the properties of the 

nanovectors.  

 Electrochemical studies allowed to obtain the effective charges of CLs, which 

were practically equal or lower to the nominal ones, and of pDNAs, less 

negative than the nominal one and with a behavior quite different from linear 

DNAs. 

 Lipid mixtures compacted pDNA and siRNA adequately, and protect pDNA 

against enzymatic degradation of DNase I. 

 From a structural point of view, NAs were compacted by the lipid mixtures 

forming different lyotropic liquid crystal phases, such as Lα lamellar phase and 

cubic bicontinuous phases (QII
D
 and QII

G
), with overall sizes of ca. 200 nm and 

polydispersities (PDIs) below 0.4. These parameters are considered adequate to 

favor cell internalization by endocytosis. 

 MD calculations for the lipoplexes constituted by one of the lipid mixtures and 

linear DNA fragments determined that most of the interactions that confer 

their stability were electrostatic in nature. The complex with the highest CL 

content was the most stable and the stabilization of the DNA fragments was 

due to the presence of the cationic bilayers. 

 The mixture of CLs or GCLs and helper lipids (DOPE or MOG) allowed the 

insertion of NAs under the selected strategy (pDNA transfection or siRNA gene 

knockdown) in an efficient and safe manner within the animal and cancer cell 

lines employed.  

 In terms of efficiency, the nanovectors studied showed comparable or even 

better results of pDNA transfection or siRNA gene knockdown than those 

obtained with the universal control (Lipofectamine2000*).  

 According to the biocompatibility, the nanovectors proved to be cell-friendly, 

with cell viability percentages above 80% in all the cases.  
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 It was demonstrated the benefit of selecting certain structural features in the 

synthesis of CLs, such as imidazole groups and amino acid derivatives in polar 

heads, to improve the effectiveness and biocompatibility of the lipid mixture. 

 Likewise, the fusogenicity of the helper lipids (DOPE and MOG) was 

corroborated, since their high content in the lipid mixtures improved the 

abilities of the nanovectors to fulfill their purpose. 

Once demonstrated the effectiveness and high biocompatibility in cells, the 

nanovectors studied herein and/or other tested in the near future should be 

thoroughly evaluated in animal models; that is the decisive information that establishes 

their potential for future clinical trials. 

Conclusions based on the second objective: To transfect a gene with a therapeutic 

effect using a lipid nanovector complexed with pDNA. 

 Imidazol-based GCLs (in combination with a high content of DOPE), which 

offered optimal results in previous studies to transfect two pDNAs (pEGFP-C3 

and pCMV-Luc), also turned out to be efficient and safe to transfect the pCMV-

IL12 therapeutic gene (i.e., the plasmid DNA that encodes for IL-12) into HeLa 

and COS-7 cells.  

 In particular, the transfecting outcomes obtained with GCL2/DOPE-pCMV-IL12 

lipoplexes were similar to those of the control (Lipofectamine2000*) in the 

COS-7 cell line, and even superior in the case of the HeLa tumor cell line. 

Moreover, nanovectors did not show cytotoxicity in the cells employed. 

 The previous result was particularly relevant since IL-12 is a cytokine with 

interesting antitumor properties and immunomodulatory functions. An 

inappropriate activation of inflammatory processes can lead to many 

pathologies and diseases. Alzheimer's disease, cancer, or autoimmune diseases 

are examples related to chronic inflammation, while infectious diseases, like the 

one currently desolating the world (COVID-19), seem to be potentiated by an 

uncontrolled immune response.  

 The analysis of the PC of these lipoplexes showed high contents of serum 

albumin, a finding of great interest since it could imply a greater capacity of 

the nanovector to avoid the recognition of macrophages, and also contribute 

to the accumulation of lipoplexes in tumors, where IL-12 can exert its antitumor 

activity. 

 Finally, these results definitely encourage further and more specific studies to 

gain deeper insight into cytokine vectorization for advanced therapies and for 
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the development of preventive vaccines, which will have a positive impact on 

the health of human beings worldwide. 

At this point, it is crucial to highlight the importance of working on the vectorization 

of therapeutic genes in order to advance in the treatment of certain diseases with gene 

therapy approaches. Given the great difficulty of having this type of genetic material, it 

is imperative to start from in vitro studies with the maximum possible number of cell 

lines. In this way, much more information on the nanovectors would be available to 

optimize in vivo tests, or even to discard non-efficient nanovectors in an early stage. 

Conclusions based on the third objective: To evaluate the PC that surrounds the 

lipid-type nanovectors in contact with human serum proteins and the influence on the 

transfection process. 

 Despite the structural differences between the CLs or GCLs used (mixed with 

the corresponding helper lipid), the composition of the PC surrounding the 

nanovectors did not seem to show marked differences.  

 Anionic proteins (pI<7) with low molecular weight (<70 KDa) were 

preferentially adsorbed on the surface of the nanocarriers.  

 Lipoproteins, acute phase proteins and immunoglobulins were the most 

abundant proteins, while tissue leakage, coagulation and complement proteins 

were found in minor proportion.  

 Apolipoproteins (such as APO I and II) and serum albumin were identified 

within top 25 most-abundant proteins surrounding the surfaces of the 

nanovectors. This evidence could be behind a longer circulation time of the 

nanocarrier in the bloodstream and a lower interaction with phagocytic cells. 

 Conversely, complement proteins such as C3 (belonging to the opsonins 

group, which are recognized as responsible for triggering the innate immune 

or inflammatory responses), were not found in the PC, or, if so, at very low 

percentage. 

 The results found when analyzing the PC of the nanovectors place them in a 

good starting position as nanocarriers of NAs, although it will be necessary to 

go even deeper into the role of the PC and in how to address and exploit its 

composition to further promote transfection or gene knockdown. 

Future works may also evaluate the PC over time, after temperature changes, at 

different serum compositions and/or with changes in the nanovector surface. 

Particularly interesting is the idea of functionalizing the nanovector surface with 
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specific receptors that may bind those proteins that could improve the potential of 

nanovector to reach the target. 

Conclusions based on the fourth objective: To control the release process of NAs 

within lipid nanovectors using the plasmonic properties of AuNPs and laser irradiation. 

 AuNSs stabilized with PEG did not affect significantly the electrochemical 

properties of the IGCL/DOPE-pEGFP-C3 lipoplexes since -potential 

measurements were similar in presence or absence of AuNSs.  

 From a structural point of view, lipoplexes also maintained the Lα lamellar 

packing previously seen in absence of nanoparticles. Moreover, AuNSs were 

found to be confined at the inter-lipoplexes space. 

 AuNSs did not aggregate at physiological conditions (pH 7.4) during the 

lipoplex formation, as evidenced from the analysis of the LSPR band centered 

at 780 nm, which allowed the excitation of nanoparticles with non-harmful 

irradiation. 

 Said excitation of AuNSs (one of the most plasmonic-efficient shapes based on 

gold) allowed the controlled pDNA release in the lipid mixtures after 

femtosecond pulsed irradiation and was powerful enough to reshape nanostars 

into nanospheres. 

 A critical AuNS concentration of 50 pM, a laser power density of 400 mW and 

an irradiation time of 5 min were the necessary conditions to achieve the 

release of pDNA, although an increase in the irradiation time showed an 

improvement of up to 75% in pDNA release. 

 Our hypothesis to explain these results was that the lipid membrane in the 

lipoplex-AuNS system was destabilized due to the local heat generated after 

AuNPs excitation. As a relevant result, irradiation did not lead to pDNA 

fragmentation. 

Although the strategy of using AuNSs to control the release of the genetic cargo 

from the lipoplex through the local heating generated by laser irradiation seems 

adequate, in principle, many questions remain open for future research. In fact, this 

doctoral thesis has just opened this interesting line of research in the field of 

lipofection. Undoubtedly, the results obtained regarding the use of light as stimuli of 

pDNA release must be tested in cells. Confined environments probably enhance the 

thermal heating process and decrease the conditions (laser power density, irradiation 

time and AuNP concentration) to achieve the pDNA release with the minimum cellular 

damage possible. 
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Beyond the purely scientific conclusions obtained, the work of this doctoral thesis 

also leads to other more general conclusions that are worth highlighting and reflecting 

on. 

This doctoral thesis is framed around the highly relevant topic that is the adequate 

non-viral vectorization of genetic material as one of the strategies for the treatment of 

several diseases. In fact, this topic is also key for facing the COVID-19 pandemic that 

we are currently suffering, as some of the proposed vaccines are based on the use of 

non-viral lipid-type nanovectors for a specific mRNA encoding for the SARS-CoV-2 

spike (S) protein. It clearly shows that studies of basic science, such as the one 

presented here, may be essential for the development of applied science. Likewise, I do 

believe that this doctoral thesis is a reflection of the importance of the collaboration 

between different scientific disciplines. A multidisciplinary approach is imperative for 

the development of technologies that can be applied in the future for the improvement 

of life and society. 

I would like to finish by mentioning that the work that goes behind every doctoral 

thesis not only leads to results that prompt several conclusions but it also generates 

new questions, new challenges. Science, and, if you allow me, chemistry in particular, is 

evolution. It is part of our everyday life and propels us to continue improving. 
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